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FOREWORD

This Summary Technical Report (Contractor's Reference No. PWA-3138)
was prepared by Pratt & Whitney Aircraft, Divisiun of United Aircraft
Corporation, East Hartford, Connecticut, as the final report under United
States Air Force Contract No. AF33(615)-5129, as arended by SA3(68-1825),
dated 16 February 1968. This Contract was initiated under Project 7381,
"Materials Applications", Task 738107, "Detection, Prevention and Control
of Corrosion". The work was administered by the Air Force Materials
Laboratory, Air Force Systems Command, USAF, with Mr. George M. Yoder as
Project Monitor.

This report covers work conducted from I June 1966 through I July 1968.

The authors were associated with the Contract work in the following
capacities: J. J. O'Connor, as Assistant Project Engineer, was Program
Manager and P. A. Vozzella was the responsible Metallurgical Engineer.
Other personnel associated with the conduct of the program were R. A. Doak,
Project Engineer; P. Grande, Project Metallurgist; and R. Muszynski, Non-
Destructive-Test Senior Engineer.

This technical report has been reviewed and is approved.

D. A. SHINN, Chief
Aeronautical Systems Support Branch
Materials Support Division
AF Materials Laboratory
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ABSTRACT

Temperature.-cycling tests were conducted on specimens of ten alloys repre-
sentative of materials in current use in high-speed aircraft. Half of the speci-
meno were welded and half were of one-piece oonstruction with a braze-material
patch. All specimens, with the exception of some controls, had salt patches
extendlig over the welded or brazed regions. The specimens were teuted under
constant load during temperature cycling. The test conditions were such as

could result in corrosion i, nd oonsequent degradation of mechanical properties
of the alloys. Subsequent to environmental exposure, room-temperature tensile
tests were performed, to determine the degree of alloy deterioration. Non-

destructive methods of inspection were evaluated and found to be ineffective for
detecting the incipient corrosion which was encountered. Analyses of the I
environmental-test data were conducted and th•i relative influence of combina-
tions of exposure conditions on the production of corrosion in specimens was

ascertained, Design limits are presented for all the materials which were
investigated. It was not possible in this program to evaluate the capability of
welding or brazing for restoring tho mechanical properties of alloys after such
properties have been degraded by corrovion, Recommendations are made as
to the directions which any further investigations into the corrosion phenomenon
should take,

1
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Summai•y Technical Report

on the

EVALUATION OF WELDED AND BRAZED
STAINLESS STEELS AND SUPERALLOYS

TN A CORROSIVE ENVIRONMENT

I

INTRODUCTION

Welding and brazing of subsonic-aircraft metal structural members and
engine components, both as means of fabrication and as methods for repair of
damaged or worn parts, are techniques which were long ago proved acceptable
by extensive laboratory and flight experience under realistic environmental con-
ditions for such aircraft. When aircraft with Mach-3 capability were designed,
the designersi in their selection of materials, necessarily relied heavily on the
subsonic- and low-supersonic-aircraft experience. This was because very few
evaluations of welded and brazed materials had been made under controlled lab-
oratory conditions which simulated environmental conditions featuring marine
atmospheres, high stresses, and elevated temperatures, such as Mach-3-air-
craft components were expected to encounter.

Although Mach-3 aircraft have seen some service, very little flight time
has thus far been lot ,ed, and the very limited quantity of data which has been ob-
tained on the serviceability of welded and brazed stainless-steel and superalloy
components has been characterized by very wide scatter. The data have clearly
been insufficient to establish reliability and substantiate theory pertaining to
structural capabilities of such components when subjected to severe operating
conditions.

The United States Air Force Systems Command felt that the behavior of
welded and brazed stainless steels and superalloys, of the types used in Mach-3
aircraft and aircraft engines, should be investigated under simulated marine-type
environmental conditions while being exposed to elevated temperatures and severe
stresses. The data obtained from such an investigation would be useful in estab-
lishing the reliable service lives for components fabricated or repaired by the
joining methods under discussion.
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The Contract provided that the primary objective of the program was to de-
termine if welding and brazing have any detrimental effects on the strength and
corrosion-resistance properties of certain alloys specified therein after prolonged
periods of exposure to extremely adverse environmental conditions. The extent
of any degradation of the specimens' mechanical properties was to be measured
and means for detecting non-destructively any defects resulting from the exposure
were to be ovaluated. This summary technical report reviews the Contractor's
work under the Contract and discusses the results obtained from conducting the
environmental-test program.
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II

MATERIAL SELECTION

Ten alloys, of the types currently in use in Mach-3 aircraft and aircraft
engines, were investigated. Their designations and chemical compositions are
presented in Table I and their mechanical-properties acceptanze data are pre-

sented in Table II.

Representative applications of the ten alloys are listed in Table III. The
materials are used primarily in regions of 'airframe or power plant where high
stresses and/or severe temperatures prevail under oltrating conditions for
supersonic aircraft.

All of the materials were procured as annealed sheet-stock. The condition
of each alloy prior to its being welded or brazed is indicated in Table IV.
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REPRESENTATIVE APPLICATIONS FOR MATERIALS
INVESTIGATED IN CORROSION PROGRAM

Material Reprogentatt•e AD211ioa112ns in Suporsonto Aircraft

AM 350 Airframne and enorne structural members
AUM•58 requiring high strength and high corrosion
PH15-7 Mo resistance
PH14-SMa

Hastelloy X Engine structural memnbers in burner and tur'bine
mootcms

Real 4,1 Engine structml members in high-presure--
compressor and diffuser sections

Udimot 70•0 Turin blades

A 2186 Structural mem~bers i turbine discs

Greek Asooloy Compressor blades sad vasonl Pturbine discs

, , TD Nicokel Expeimetntal burn•er har'dws"i t~urbine vanse

t

Li .1
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TABLE IV

MATERIAL CONDITION PRIOR TO WELDING AND BRAZING

Material Condition

AM 350 1900F solution anneal

AM 355 1900F solution anneal

PHl5-7Mo 1950F solution anneal

PHI4-SMo 1850F solution anneal

Hastelloy X 2150F solution armeal

Rene 41 1975F solution heat treat

Udimet 700 215OF solution anneal

A 286 1800F solution heat treat

Greek Ascoloy Annealed

TD Nickel 2000F atream-relloved

4'A3N. r7/8



III

TEST-SPECIMEN DESIGN AND FABRICATION

Salt-coated welded and brazed joints of the ten materials discussed in Section
II were evaluated in the form of specimens subjected to laboratory testing under
the controlled steady-state loading and cyclic-temperature conditions Which are
described in Section V. The configurations of the welded and brazed specimens
were identical, except, of course, in the regions of weld and braze application.
Discussions of the specimen geometry, the process controls utilized, the initial
and intermediate inspection methods, and the post-processing heat treatments
follow.

A. Welded Specimens

The welded specimens were prepared by first cutting strips of each material
from sheet. Strips of the same material were then paired and the members of a
pair butt-welded together along one edge to form a panel. The only exception to
this procedure applied to the TD-Nickel strips. These were machined to have mating
edges of the doubleý-"V"-groove type, with 0. 020-to-0. 030-inch lands, so that the
heat input to the metal during joining would be as low as possible and melting of
parent metal would be minimized. TD Nickel is a thoria-dispersion-strengthened
alloy and therefore quite difficult to weld since the thoria particles are essentially
insoluble in the matrix. Should significant amounts of parent metal be melted
during welding, the thoria dispersoid would agglomerate extensively, causing
seveie reduction of the material's mechanical strength.

The welding operation was performed on an automatic welding machine utiliz-
ing the tungsten-inert-gas (TIG) process. The machine is shown in the photo-
graph, Figure 1. Where a filler was necessary, plrent metal was used for all
alloys except TD Nickel. Waspaloy, an alloy characterized by high strength at
elevated temperatures and a melting point lower than TD Nickel, was selected as
the filler for TD-Nickel welds, since, as previously mentioned, it was considered
to be most important to minimize parent-metal melting and thus maintain material
strength. All welds were oriented ninety degreeE to the direction in which the
sheet had been rolled. The weld schedules are shown in '1 able V and a represent-
ative welded panel is shown in Figure 2.

Preceding Page Blank
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After welding, all joints were X-rayed using radiographic techniques which -

were capable of producing a penetrameter seensitivity of at least two per cent.
flOnly joints which had no significant radiographic indications (aircraft-quality-

weld standards) were accepted, Acceptable panels were heat-treated In accord-
ance with the schedules shown in Table V, ground to have uniform thickness an
close as possible to one-sixteenth inch, and reinspected radiographically; the
grinding operation was necessary in order to enable accurate computation of Im-
posed stresses for the environmental testing and of mechanical properties follow-
Ing that testing.

TABLE V

WELDING PARANCTERS AND POST-WELD HEAT TREATMENTS OF WELD-TEST SPECIMENS

mla4Aloil z AM U 41n'jrnli (in.] 114 h.p Trc fullj Imi.Weld llsel TtlttLmof

itAM :,00l 100 t0. 10 3/3-1 AM" 118114M 110 mlil sI 1710101om tt.Lm

N hirs. at "or0 lem hner m

AM 4115 40 13. 10 A/.9 111114M 30 min, at 101 o~t lo"ltw

I his fee DOPI MP

Pi1118.00t 40 lh h.10 V;I A rtan Iltolkqm 1 15 mIn. IS 1110? 001 ~ n sm 4hI. at .10Y1 ItirpltoflY.I

110114.10th 40 1 .5, 0o aill Arrnn Ihoim 1-1/: ot it. 1100611 tometUmtm

Ihis". &I -1001 Ulsitawumilla
l-11 tire. at 0140 tempt

ýilami'Ily X 75 ill t0 )I3 Aripo 116114 HMOP

41 M1 Id 0/il: Arriv lv0i.F toy II h , At 14001pr Pletlthsua

Orto, Ai lny 10 111 1P11rn hu r, 11 1111011 ewwahy ls&B
IS krs, It 1410Y lp~rssplt

I~~rtr.In~ 1".l~ .0 3,0 I.,3Agto 
1

Ia14 i r ml 00 p PMOI 0.1111101
(11rs, 11 1010t sommo tor

%let, I o I lia thes A i.d It ills -- ri with *h iiI 1 i ll foo . ito s

The lost two steps taken in preparing welded speoimense for Lho environmental
test program were the miohining of each panel into several specimens with the
configuration shown by the top sketch In Figure 3, and a final pre-onvirorkmental-
test inspection of the finished specimens, A photograph of a typicatl welded
specimen appear@ in Figure 4,
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B. Brazed Specimens

Whereas the welded specimens were fabricated from panels formed by welding
two strips of a given material together, the brazed specimens were of one piece,
with a layer of braze alloy superimposed, as shown by the lower sketch in Figure
3 and in the photograph, Figure 4. Dimensionally, the two types of specimens
were indistinguishable, except that for brazed specimens, the width of the braze
layer was controlled to be approximately one-quarter inch and the thickness held
to 0.002-0. 005 inch by grinding. Because the purpose of the environmental-test
program was to determine if the exposure of joint specimens was detrimental to
the mechanical properties of the parent metal and not to ascertain if there was
impairment of joint strength, the absence of an actual joint, such as the welded
specimens had, was deemed to be of no consequence. It was considered that the
metallurgical interactions of the braze alloys with the base metals would be at
least as reliably evaluated when a braze coating alone was used, as they would be
were an actual brazed joint to be used. Furthermore, absence of such 9. joint
would facilitate more accurate determination of base-metal stresses. All braze
specimens were cleaned mechanically and chemically before braze application,
in order to ensure satisfactory bonding.

Table VI identifies the braze alloys and temperatures used in the specimen-
fabrication program. The braze alloys selected for the various materials were,
in general, representative of those being utilized in the fabrication of aerospace
components at the time of the Contract. Their strengths and resistances to
oxidation were compatible with requirements set by the expected normal operating
temperatures of the base metals. However, for Pene-41 and Udimet-700 speci-
mens, a special boron-free braze alloy was employed, in order to avoid the prob-
lem of boron embrittlement. This alloy, referred to as J8600, did require the
use of a braze temperature which was slightly high for the two base materials,
but, by using relatively short brazing cycles, it was possible to reduce the likeli-
hood of any strength impairment.

TABLE VI

BRAZE-ALLOY COMPOSITIONS AND
BRAZING TEMPERATURES

Braze Alloy Composition Braze Temperature (F)

AMS 4776 71. 7 Ni-4Si-16. 5Cr-4Fe-3. 8B 2150

PWA 705 62. 5Ag-32. 5Cu-5Ni 1710

PWA 707 56Ag-42Cu-2Ni 1750

J8600 38Ni-33Cr-4Si-25Pd 2150

Au-Ni 82Au-l8Ni 1800
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T he brazing parinmet',rs used ar'e met forth In T'able V1!. For those, Materials
tne componittion of wn'uni containva tigniiicarn amounts o[ strong oxide iormers

(aluminum nnd titiniui' ). a relatively high vacuum was maintoined (loom than two
microns of mcrcury). A dry hydrogen atmosphcre (-40F dcw point or hiattor) wai
used for the other materials.

The pour.-braze heat-tLreat merit schedules for specimens of eaoh material ap-
pear in'clsUoun fTbeV! he brazing temperatures Involved were
compatible with the required heat trcatnionts for the various nmater'ials,

All brazed specimens were Inspected cubsoqluont to machining and Raian after
post-briize hvnt trc'atirnnt.

TABLE VII

BRAZING TVCHNIQUIS AND POIT-BRAZE HEAT
TRICATMENTO U? BRAZE-TEST IPECIMENI

Rraae Brats Brass
Malaria Tomanituza tia Itvromn PUt-BALeHat Treatmen

-~-AM 580 PWA 708 1710T Hydrogen 3 hra. at .1001 trantisormaticon
3 hze. at £507 tamper

AM 388 PWVA ?00 1710? Hydrogen a hre. at -1007 t~ranat(Oimation
3 hro. at 10007 femper

PHIOBTmo PWA 70? 1750? Vacuum a Ofi. at -1001 twMefOrln~tA1oJI lhr. at 1050r temper

PH14-IMO PWA 705 17001 Vacuum~ I hie. R1 -1007 traaaOrllAtlo
1-1/2 hre. at 9501 tim~per

1-1481u110Y X AMI 4770 91507 HIydrogen None

1164(41 31000 9150? Vacuum 10 bra. at 1400 preciplitation
treatment

Udinist 700 J51600 11507 Vacuum 4 hra. at 19707 solution Ueatment

f 10 hr.. at 140OF preoli$ta~lon

Or.kA scol Au-NI 1500F Vaduuurn 2hra ui tmo

'The time at temperaturs for each bracingi oyi %As apprnximatliy 10 mimuteal



IV

INVESTIGATION OF NON-DESTRUCTIVE- TEST METHODS

The Contract required that, in addition to using destructive-testing pro-
cedures (such as tensile tests) for evaluating the extent of degradation in the

mechanical properties of the several materials, resulting from the environmental
testing, non-destructive testing should be used in the evaluations. It provided
further that a maximum of eighty non-destructive-test specimens (four for each
material and for each process) were to be used in the investigation.

It was considered desirable to be able to predict, with assurance of reason-
able accuracy, when a structural member of an 'airframe or engine exposed to
severe environmental conditions, including a sea-salt atmosphere, would ex-
perience degradation of its mechanical properties. If this goal were realized,
then weakened parts could be replaced or strengthened by repair on the basis
of a non-destructive-testing schedule before a failure occurred. Radiographic
examination is a technique commonly used for crack detection. It was used ex-
tensively in the program. However, it has only modest reliability for disclosing
minute crack indications and practically no reliability at all for determining in-
cipient cracking. In addition to radiographic examination (penetrameter sensi-
tivity of two per cent), fluorescent-penetrant inspection (ZL30) and other non-
destructive-test techniques were investigated in the program in an effort to es-
tablish reliable degradation-prediction methods. The other non-destructive-test
techniques are discussed herein.

A. Crack Determination

Non-destructive testing of the welded and brazed specimens included use of
a method for detecting cracks and two methods for sensing corrosion. Using the
methods employed for detecting evidence of corrosion in the non-destructive-
testing program, it was not possible to resolve discrepancies the depths of which
were less than approximately 0. 005 inch.

The method selected for cracks was pulse-echo angle-beam ultrasonics. The
initial step taken in order to make use of this method was to establish the opti-
mum ultrasonic wave-frequency and beam-angle parameters for each of the ten
alloys. For the purposes of the investigation, cracks were simulated by scratches
made on the material samples. Optimum pulse frequencies were determined by
using one-half-inch-diameter transducers with different output ranges. Optimum
beam angles were ascerta'*--ed by means of Lucite wedges attached to the trans-

ducers. The ultrasonic instrument used was a Branson 301 Sonoray with 2.25-,
3.5-, 5-, and 7-megacycle transducers. This instrument is shown in Figure 5.
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OPTIMUM B-AiM.ANGLES FOR USE IN ULTLALSONIC
INSPECTION OF ALLOY SPECIM!ENS

MatorLal Ba nl

AM 350C 28,

AM 355 2 80

PH15-7Mo 280

PH 14-SMo 28,

Hmutelloy X30

ReA 41 goo

Udtimst 70036

A 26658

Greek Amooloy2'

1<TD Niakel so,
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Figure 5 Branson 301 Sonoray Used in Investigation of Non-Destructive-Test
Methods (ultrasonic) (XP-60743)

Table VIII lists the optimum beam angles found for each me.erial, and
Figures 6 through 15 are plots of the data in the form of families of curves indi-
cating the frequencies which resulted in the maximum responses. It will be ob-
served that the optimum beam angles ranged from 260 to 36', and the optimum
responses occurred when a transducer with output characteristics centered at
3.5 megacycles was used. The families of curves are similar for all of the in-
vestigated materials.
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With the use of the optimum parametric values obtained in the preliminary
investigation, pre-anvironmental-toot ultrasonic inspections were conducted on
each specimen In order to establish base response characteristics tor compari-
son w'ith post-environmental-toet ultraeonio-inspection datft, It was wpected
that a discrepancy In the specimen would change the response signal and show up
on the screen as a pip.

13, Corrosion DletOction

The mothotlm which were invemtilgted for the purpose of drtecting corronion
of I ho welded e nd hrn, d spocimenM wore hvtn-rny-1)nckmct ttoir And eocwt0csil-
conduetivity measurementu. The theory behind the employiment of these two
methods wan that the presence of corrosion would so chaoge the Internal structure
of the materials In the welded and braised region@ that beta-ity count and eloctri-
cal conductivity would be mesmurably affected, it was hoped tI'at by making theme
measeurements before atnd after environmental tooting, and by considering the datta

thus obtained In conjunction with the findings from mechanical teoting, It might be
possible to determine tho presence and extent of meohanioul-property degradation
resulting from corrosion effects within a joint without the neosesity for deutroy-
Ing the specimen, lReliable correlations between change. from premuse values
with deterioration In strength might thus he established for aotual welded and
brained components of airframee and englnese and the need for repair or replace-
ment could bo Antiolpated without awaiting failure of a part,

The preoenvlronmental-test data obtilned for specimens of ach of the ten
materials by the beta-ray-backecatter method are presented in 11 Able IX, The
beta-ray ientrument used was it Micro-derm with a carbon-14 source, shown In
Figure 10, Pre-test conduaotivltie for specimens of the four nonatmageti
materials are also give•n In the table, The conduotlvitles were obtained by the
eddy-current method of measurement, utilluing an FM IO.o.hrLes Manlateit
conductivity meter, shown In Figure 17, Magnetic materials could not be In-
spected by this method because their magnetic fields would override the eddy

4urrgnte,
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V

ENVIRONMENTAL-TEST PROCPAM

The planned program objectives, test cycl'e, test and inspection procedures,

and analysis of the test data are discussed in this section.

A. Planned Program Objectives

The objectives of the planned program may be defined as follows:

(1) To determine if welding and brazing have any degrading effect on the
mechanical properties of specimens of the selected alloys after cyclic
temperature exposure in the laboratory while such specimens are
under constant load in a corrosive atmosphere.

(2) To determine if non-destructive testing methods have the ability-to -sense
any corrosion which might occur on the alloys exposed to severe envi-
ronmental conditions.

(3) To determine if there are effects of temperature at stress, number of
cycles, and environment for the selected alloys after welding and braz-
ing; and attempt to establish service lives for structural components
fabricated from such alloys by methods which include welding and
brazing.

(4) To evaluate welding and brazing as means of repair of specimens which
have been weakened by corrosion resulting from severe environmental
conditions, provided that the degradation has not been too severe.

B. Planned Test Cycle

The test cycle was programmed for four hours' duration, with the variable
within that period being temperature and the constants being stress and corrosive
atmosphere (simulated sea salt). A selected constant temperature was to be held
for approximately three hours of the four-hour period; changing from room to
test temperature was to consume the remaining hour. A four-hour cycle was
selected because it approximated the flight cycle of transoceanic, Mach-3

aircraft.

The Cycle Variable: Temperature - The temperature ranges to be used in
the environmental-test program were specified by the Contract. They were based
upon typical operating-temperature regimes (cyclic) predicted for representative

Preceding Page Blank PAGE NO. 27



Mach-3-aircraft welded and brazed hardware fabricated from the ten selected
alloys. Welded and brazed alloys used in aircraft structures were to be tested
in the range from 600F to 800F, those used for power-plant compressor compo-
nents in the range from 800F to 1200F, and those used in power-plant hot-section
locations in the range from 1600F to 2000F. The temperature ranges assigned
to each alloy in the environmental-test program appear in Table X.

The Cycle Constant: Stress - Each specimen was to be run at a constant
stress throughout its environmental test. The ranges of stress under which
specimens were to be operated were specified by the Contract. The test stresses
to be used were ninety-five per cent of the estimated minimum value of 0.2%
yield strength or the stress to produce 0.5% to 1% creep during the test period,
whichever was limiting. All of the iron-base alloys which were to be tested at
600F and 800F, with the exception of A 286 which was to be tested at high tem-
perature (1200F), were yield-strength limited. All of the nickel-base alloys
which were to be tested between 160OF and 2000F, and the A-286 specimens which
were to be tested at high temperature, were creep limited. The 0. 5%-creep
data were used when the 1%-creep data were not available. The stress ranges
are listed in Table X.

TABLE X

TEMPERATURES AND STRESSES FOR
ENVIRONMENTAL TESTS

Material Temperature (F) Stress (psi)

AM 350 600-800 117, 000 - 132,000

AM 355 600 - 800 117,000 - 130,000

PH15-7Mo 600 - 800 130,000 - 160,000

PH14-8Mo 600 - 800 148, 000 - 160,000

Hascalloy X 1600 - 2000 1,000 - 3,500

Rene 41 1600- 1800 3,000 - 17,000

Udimet 700 1600 - 1900 3,000 - 29,000

A 286 800- 1200 30,000 - 83,000

Greek Ascoloy 600 - 800 83,000.- 95,000

TD Nickel 1600 - 2000 1,000 - 9,000

PAGE NO. 28



The Cycle Constant: Simulated Sea-Salt Atmosphere- The simulated sea

salt was to result from the drying of certain chlorides and a sulphate in water

solution, the chemical composition being 25.0 grams NaCl, 11.0 grams MgCl 2 *

6H20, 4.0 grams Na 2 SO 4 , and 1.2 grams CaC12 per liter of distilled water.

The sulphate was included because the Contractor's experience has been that

Na 2 SO 4 , in combination with the chlorides, produces corrosion of a type fre-

quently experienced under severe operating conditions. The presence of sulfur

in this compound would enable the sulfidation type of corrosion to be investigated.

The solution was to be applied by brush to the welded and brazed regions of the

specimens, the extent of coverage to be approximately as shown in the sketch,

Figure 18. Coatings were to be superimposed upon one another, each coating to

be dried at approximately 250F. Final thickness of the salt deposit was to be

approximately 0. 002 inch.

WELD OR BRAZE AREA

1/ INNC

-1 INCH
SALT AREA

Figure 18 Approximate Location of Salt Patch on Specimen 67-258-2

C. Planned Test and Inspection Procedures

The test format which was scheduled, the planned duration of test conditions,
the provisions for controls, the number of specimens tested, and the inspections
made, are discussed in this subsection.

Test Format - Table XI shows the planned format for conducting the environ-
mental testing of the ten selected alloys. Such a program would allow the esti-
mation of all main effects of the environmental-test conditions and the determina-
tion of the interactions of those conditions.

Duration of Test Conditions - The fourteen test conditions defined in Table XI
were of either sixty-three-cycles' or nineteen-cycles' duration, corresponding to

two-hundred and fifty-two hours and seventy-six hours, respectively. The
severity of the temperature-stress combination for the particular alloy and join-
ing process to be tested depended upon the assignment of one or the other of the
two limits. The durations selected were considered to be reasonably long periods
of severe exposure for the hardware items which the alloy,, have application for
in Mach-3 aircraft and their power plants.
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TABLE XI

TEST FORMAT FOR ALLOY SPECIMENS

Test Ccmdition(
1

) Process No. of Cycle Temp. mtra_• Salt

I* None 63 Upper (U) Lower (L)(1) Yes

2* None 63 U L (1) No

V Braze 63 U L (1) No

4* Weld 63 U L Nc

5* Weld 63 L U (2) No

6* Braze 63 L U (2) No

7 Weld 63 U L Yes

8 Weld 63 L U (2) Yes

9 Weld 19 U L (3) Yes

10 Weld 19 L U (I) Yes

11 Braze 63 U L (1) Yes

12 Braze 63 L U (2) Yes

13 Braze 19 U L (3) Yes

14 Braze 19 L U Yes

Notes: (1) Controls are marked by asterisks

(2) Intermediate value used to TD Nickel

(3) Intermediate value used for Hastelloy X, Ruil 41. Udtmet 700,
and TD Nickel

(4) Intermediate value used for Hastelloy X, A 286, Renr 41,
Udlmet 700, and TD Nickel

Controls - Four different classes of controls for each material were to be
exposed to their respective test conditions. These controls were to be utilized
for evaluating the extent of detriment, if any, to mechanical properties of the
alloys which was attributable to the joining processes. The four classes of con-
trols are listed below.

Salt Process

(1) Yes None
(2) No None
(3) No Weld
(4) No Braze

For evaluation of any degradation of the mechanical properties of repaired
specimens, control specimens of the same materials were to be tensile tested
under ambient conditions, along with specimens which had been repaired after
being exposed to the environmental-test condition which resulted in the original
degradation of mechanical properties.
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Number of Specimens - The Contract specified that the maximum number of
specimens evaluated would be four hundred: a maximum of fifteen welded and
control specimens and a maximum of fifteen brazed and control specimens, of
each of the ten alloys; a maximum of eighty non-destructive-test specimens; and
a maximum of twenty repair specimens.

Inspection - Macroscopic, radiographic, fluores cent-penetrant, ultrasonic,
electrical-conductivity, and beta-ray-backscatter inspections, all non-destructive-
test methods, were to be performed on specimens immediately prior to their ex-
posure to their cyclic-test program. These methods of inspection were also to
be employed after ten (40 hours) and nineteen cycles had been logged on speci-
mens limited to nineteen-cycle testing, and after ten, forty (160 hours), and
sixty-three cycles had been logged on those programmed for sixty-three- cycle
testing. For the ten-cycle and forty-cycle inspections, salt-coated specimens
were to be cleaned before examination and thereafter have their salt coatings
restored. Specimens failing to complete their tests were to be subjected to
metallographic study. Such testing was also to be employed on sound specimens
after non-destructive-test data were obtained and after mechanical testing was
performed. Fractured specimens were to be given macroscopic examinations in
order to detect any discoloration on fracture surfaces. Such discoloration would
be indicative of prior cracks resulting from environmental testing. The amount
of shear was to be determined, in order to ascertain if observed cracks propagated

.primarily in a ductile or in a brittle fashion; also, the point of transition was to be
ascertained, if both ductile and brittle types were found.

D. Data Analysis

It was necessary to analyze the test data in such a way that the effects of
each variable in the program could be isolated from the effects of the other
variables. It was decided to tabulate the effects as positive or negative per-
centage changes in the magnitude of each property, a positive change indicating
an increase and a negative change a decrease. Blanks in the tabulation were to
indicate that the available data were not significant, and dash marks that data
from which the effect could be calculated were not available. Changes of less
than five per cent in strength were to be considered insignificant because such
small changes would fall within the expected range of normal data variation.
The accuracy of measurement was less for elongation than for strength and
the elongations which were measured were, in general, low. Therefore, the
level of significance for percentage changes in elongation was selected to be
thirty per cent. For the reasons which have been indicated, the effects of the
environmental test variables would be determined primarily from the results
obtained for ultimate and yield strengths.
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The teot conditions for which data werv obtained r.re presented in Tabl,
Xii. The data from duplinote teot points were averaged, those from Individual
points wire usme a@ rguv Thu ,rini Vu,
strnIgtha, In thousands of pounds per square inoh, were rounded to the nearuet

t wholo numborg, Thtae data were then tahhnulaed In theý orrAnga•r t shown In
Table XII, wherein the values for x and y ire to be, taken from the data corre-
sponding to the oondtlona listed by line numbir in 'ablie Xl, rho percentage
ohangsea In properties were then oomputed an followsl

Per nant ohango in atrangth - 100

11gr Cunt C o In h iinsatioin of I onn y

TABLE XII

ALWOY4PICIMIN TZlT O1Mnrriou FO iME INDA TA ANALYNI

I Weld No Room None

I Weld No Low High

a Weld No High High

4 None No High High

o None Yes High High

o Weld yes High High
? Weld Yoi Hish Low
I Wold yes Low High

9 Weld Yee Low Low

10 olrnpe No l1oom None

11 1 rs•so No Low 1ih

19I itruii•s No Iligh lIIl

114 Nonip No Iligh Iligh

II None Yea High ligh

fl 3t1i1n Yoe High High

1i0 111i110t, Ye. 1i1h Low

17 Wirlai Youm imow Ilih

hinavv Yox Lowy LoW
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VI

ENViRONMENTAL-TEST RESULTS

The program of testing which was carried out followed closely the planned

program discussed in Section V.

The test results relating to each alloy are discussed in subsection A below.

The evaluation of non-destructive-testing methods for measuring degradation of

mechanical properties of the alloys due to corrosion is reported in subsection

B. The final subsection, C, summarizes the more significant results of the

program.

Three types of salt corrosion were considered in the evaluation of specimens:

Type (1) Evidenced by localized discoloration on the fracture

surface, indicating the existence of a crack during =

exposure of the specimen to elevated temperatures.

Type (2) Evidenced by post-exposure, room-temperature,
tensile-property degradation.

Type (3) Evidenced by unusual cracking during post-exposure,
room-temperature, tensile testing.

A. Specific Findings

Table XIV categorizes the test results into whether or not salt corrosion

was encountered )(1) at inspection following post-exposure tensile testing of

specimens which survived for the programmed number of cycles, and (2) at

examination of specimens following failure during cyclic testing. This infor-
mation is given for both brazed and welded specimens of the two classes of

alloys, iron-based and nickel-based. Table XV presents the results of the
analysis of data for the entire program. The columns numbered one through

eight in this Table contain the percentage-change values for the eight condition

sets listed in the iirst column of Table XIII and defined by reference to the

lines in Table XII. A review of the specific findings for each alloy follows.

AM 350 (Welded) - Table XVI presents the environmental-test history for

welded and brazed AM 350 specimens. In this table, as in those for the other
alloys in the program, the exposure conditions and the post-exposure, room-
temperature, tensile properties are listed for each specimen subjected to test.

Also noted are the number of test cycles completed, location of failure on

tensi e test, and whether or not Type-(1) and/or Type- (3) salt corrosion were

evident.
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TABLE XV

EFFECTS OF ENVIRONMENTAL-TEST. VARIABLES

ON MECHANICAL PROPERTIES
OF ALLOY SPECIMENS
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TABLE XVI

ENVIRONMENTAL-TEST HISTORY: AM-850 ALLOY FEECIMENS
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As Tablesn X1V and XVI indicate, salt-corrosion urioking wits observed in
welded AM 350. In the case of this alloy, the depths of the disc repancies rnoarn-
ured did not exceed 0. 005 inch. Only one specimen, A-1, evidenced Type-(1)
corrosion, but the tensile failure did not originate at the crack and the s1trength
and ductility were not compromised. Failure occurred through the weld (Figure
19). Exposure conditions under which the cracking oocurr. *, were 80OF and 117
ksl for 63 cyles. The diucoloriation on the fracture surfant !n be seen in Fig-
ure 20. The specimen was also fownd to have several irý*egular, intergranular
cracks adjacent and parallel to the tonsaile-test-f racturec surface, as Figure 21
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indicates (arrows), These cracks were confined to the salt-patch region (Type-
(Al nnrroR1onI. A nhotomniorozrah through the c racked area is showL, in Figure 22,

L Figre 1 Weldd Spcin~e A-iAfterTensle Tet, Secimn Muo'o~

toSo" octo, f utue (nirnena-ts cnitoW

800F 11 kal sa~ duatin: .3 ccle) (X-212-2

[ Eohat~ ilelas Ragnt ag040

PA~1~~.OA3

K -__ ____ .- - .* &
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Figure 20 Welded Specimen A-i After Tmnaile Test, Arrow Points to Crack
Indioation. (Environments). -teat conditions: SOOF, 117 koi, salt-,
duration: 83 cycles) (H-64457)

Mag: 24X
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Figure 21 Welded Specimen A-1 After Tensile Test. Crack. (Arrows)
are Confined to Salt Patch, (Envi ronmenta I-test conditions:
800*F, 117 ksi, salt1 duration: 63 cycle.) (H-64485)

Mag-, 15X
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A second specimen in the welded group (A-3) evidenced Type-(3) corrosion
aftAr xpInRoura. Thia ir man •'Irt hati nn'-,pflat lQ rl,|aa cy ,¶Ae.n! POA_' ,.sF I Qn _

kei conditions, The cracks were confined to the salt patch (see Figure 23).

i i

I.

Figure 23 Welded Specimen A-3 After Tensile Test. Cracks (Arrows) are
Confined to Sult Patch, (Environmental-tedt conditLons: 6000F,
132 kit, silt; duratton: 83 cycles) (H-64456)

Meg: 15X
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AM 30 (Brazed) Two instances of Type-(1) corrosion wue encountered
when_,bied specimens wera examined after exposuro and tensile test, Ref-

erence tc Table XVI indicates thiat both specimens (A-21 and A-84) had bean
cyoled at 900F and that for one (A-34) the corrosion had occurred within 1.9

Scycles, The elongations of the two specimens were found to have been sij•nft-
caunly reduedi by the environmental-test exposure, in comparison with tne
elongationT of the one welded specimen with Type-(1) corrosion. Howevi r,
there wag no Indication of any degradation of ultimate.-tensile and 0. 2%ý yield
strengthn, Figures 24 and 25 show the tensile-failure locations of thees spec-
imensu with relation to the brazed area and altar thoJ degree of braze del ertora-

atoe, The failur'es oov, a red outside of the brrzed areas but within thr, salt
patoh, Figures 1,16 and 27 re,,oal the corrosion Indications on the frar ture
surfacen of spfoinitens A-21 Find A-34, Both fraotures originateI in .he die-
colorod regions. Also, both specimens hnd severpl irregular, Into, granula.r
o'moke adjatent and parallel to the franturo surfact and within the # alt-stained

oregions on their lateral surfaces (Type-(3) oorrosion), Crack@ of ,his char-
actor can be seen in Figuras 98, 29, und 30.

Figure 94 Brazed Specimen A-21 After Tensile Tout, Showing Location of
Rapture. (Environmental-tout oonditioni: 800F, 117 kit, malt;
1urationt 83 cycles) ('H-03991)

Mag: 15X
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YIgurs 96 Bruised Specimen A-Si Attar TaM ile Test. Fracture Surfiace
Shows Type -(I) -Wat-C orroaioan tadiciation (arrow), (Environ-
mental-test oondittonat 8001. 117 kol, usit; durationi 83 cycles)

MaL6 24X

Figure 27 Brazned Specimen A-34 After Tenile i.Test Showing Corrosion In-
dication (Arrow). (Env Immnenftal-test oonditiona, 9001F, 117
kol, salt; durationi 19 cyciles) (H-04005)

Magi 24X
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Figure 28 Bmraud Specimen A-34 After Tensile Toomt. LAterRl Surface Ad.
jaaant to F1racture Surfaco. (Environmient~al-toot conditions, 8001r,
117 koiL suiti duration, 10 cycles)

Mall 24X
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Specimen A-3O, a control which was braized but unsalted, exhibited low

1.11 oonditions. Examination of its fracture surfaces after tensile test dluclooc'd

p Figfure 31 Brazed Speotmen A-SO After Tensile 'r'est Showing Failure Origin
(hirow) an Fracture Gurfwoe. (Enyironmnentul-t~eit conditlonim:

8007, 117 kii, no Palti duration- 63 cycos (H-64067)

nAQK NO 50
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KFigure 32 Brazed Epecim an A-3O0Aftr TensuIle Toemt. Phutorn icrograpkh of
Sactior, Through Fraiturs, (Environrnental-toot conrditions: 800F,
11.7 ks,, no malt; duration: 63 cycles) (EM-2022-3'j

Etchant: Villolk's Reagent Meg: 3NGX

AM 350-Wi~ngrafl - The effecta of the environmantal exposur'e of AM-350
specimons were upparent only after post-exposure, roomn-temperature, tensile

I toistp had bean conducted ard tho teniaflo-fracture iuurfacem had been examin~ed
microscopically, in the four' Instances in which evidence of Type-(1) and/or

failed3 torson wrevdetlcthed pre etlogofan i rextio n ationst. of the mlted-
cet o rrosfie o wreve dethepected mofany reapcexmntion rdts on the oultf-

regionn.
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It should be noted that, as the data In Tables XVI and XV indicate, no

of AM-350 alloy demonstrated increased strengths after being exposed to the[igh cycles and high temperature. This is attributed to additional aging and is
substantiated by the hardness values shown in Table XVI. Joining had no effect
on strength after exposure.

AM 355 (Welded and Brazed) - Table XVII presents the environmental-test
history for welded and brazed AM-355 specimens. Room-temperature tensile
testing of the specimens, following environmental-test exposure, revealed no
degradation due to the exposure and all showed an Increase in tensile strength.
Specimens exposed to the higher temperature (80OF) exhibited greater strength
increases relative to their lower-temperature counterparts. Hardness values
lncreased correspondingly. The increases were attributed to the additional
aging which resulted from exposure at the test temperatures.

TABLE XVII

ENVIRONMENTAL-TEST HISTORY: AM-355 ALLOY SPECIMENS
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Unon examination of the frmcturd Rers€iMpnm1 sftar toenai1a t•,=wg, .. ,
dence of salt-corrosion cracking was observed. Furthermore, microscopic ex-
amination of a sampling of the specimens failed to reveal any evidence of corrosion
cracks or of microstructural changes in the salted regions,

The data in Tables XV1I and XV indicate that there was no effect of salt on
strength. High temperature at high and low cycles ard high cycles at high
temperature increased strength. Joining had no effect on strength after the
joined material was exposed,

Visual examination of the brazed specimens, conducted subsequent to en-
%ironmental exposure, revealed oome deterioration. As shown in Figures 33
and 34, the braze tended to separate from the base metal around its periphery.
This effect was noted in salted and unsalted specimens at both exposuretemperatures,

Figure 33 Brazed Specimen B-22 Prior to Te'nsile Tooting, Not* Separation
of Braze (arrow) Fronm Paront Metal, (Environmental-teut con-
ditions: 800F, 117 k4, salcl duration: 83 oycloe) (H-03820)

Mag: 15X

"RACI *0O 53
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Figura 34 Brased Specimen B-23 Prior to Tensile Testing., Note Separation
of Brase (arrow) From Parent Metal, (Environmental-test con-
ditions. 600F, 130 kni, salt; duration: 683 cycles) (H-63827)I Magi 1X

PHIS - 7Mo (Welded) - Tables XV`M and XV summarie the environmental-
test history for specimens of this material, All specimens showed an increase
In strength after environmental exposure, the higher test temperature resulting
to the greatest strength increase and also an increase In hardnessi no degrada-
tion due to the applied salt was apparent and no instance of Type-(1) and
Type-(3) corrosion cracking was found, Joiting dooroased the strength after
high-temperature exposure,

PHI - 7Mo (Brazed) - Table XViI! Indicates that there were four braved p•eut-
mons, two with salt patchles (C-21, C-24) andtwo without (C-29, C-30), which expe-
ri ened corrosion. One of these (C-30) failed about ten cycesa prior to its scheduled
63 cyclesl the others ooutplated their scheduledcyclictestlng, Three were cycled
to 800F and one (C-24)was oyoled to600F(but at the upper value of str-u00, Salt-
ed specimen C-2l exhibited low ductility when pulled In tension, Failure occurred
out of thu brazed area but within the salt patch (Figure 33). Exami'nation of its
fracture surfaces following tenslleteomt revealed a smalldisoolorod region at the

PASS NO. 54
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origin of fracture (Figure 36). S&Ited specimen C-24 showed evidence of localized
discoloration on its fracture surfaces following tensile test. The fracture orn-
nated in the disc ,lored region, whichwas at the edge of the specimen and awayfrom
the salt coating. The corrosion was in a region which had apparentlybeen stained
by a material known as "Green Stop-off". The arrow in Figure 37 points to the
origin. This material had been applied in order to restrict braze flowduring pre-
paraiion of the specimen, Additionalc racks were present in this stained area and
are shown in Figures 38 and 39.

TABLE XVIII

ENVIRONME.NTAL-TEST HISTORY: IlH15 - 7Mo ALLOY SPECIMENS
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Figure 35 Brazed Specimen C-21 After Tensile Tent Showing Location of
Rupture, (Envirounmt-tut oonditionri 600F, 130 kit, salt;
duratLoni 63 cyoles) (EP-2172-11)

Mail 20X

: I 'I

Fitrgre 36 Brazed Specimen C-21 After Tensile Test, Arrow Pointsu to Crack
at Fraoture Origin, (Envirunment-tedt oonditLonsi 800F, 130 ksi,
salti duration: 63 oyolcl) (H-1.4•94)

. ~AK NCMagi 24X

PA"K -NO 6
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Figure 37 Brazed Specimen C-24 After Tenlile Test, Arrow Points to Dis-
coloration on Fracture Surface. (Envirormental-tent oondit!onwi

O00F, 100 kat, saltj durationi 8 yo1) (H-64095) yl
Mag: 24X

Figure 38 Brazed Specimen C-24 Aftor Teons I Test, Arrows Point to
Cracks in Dark Stained Areas, (Envi ronmantal-teut condition.:
60OF, 160 ku, malt: durptiou.i Wi cycIis) (11.-4891)

MagIg I X

. . . . .. .
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Figure 30' Brined Specim~en C-94 After Tensile Test. Photomntorogairph
I Through Crack in Dark Suilnedl Are% Shown in Provioum Figure,

(Environmental-tuut conditions; GOOF, 160 kal, ealti duration:

Etchanti V~ilela'i Reagmnt Magi 5O0X

"~A-30 NO 0



The fraicture uurfacos of the two unsaltod spoetrons (C-29 and C-30) which
also oxveriencod cor'roaion auooar in Mwiuros 40 and 41. dark disoolored ro-
glona being indicated by arrows, The oorrosion cracks, but nut the fracture.,
had their origin@ in those regions, which again wore in the area of the applica-
tion of Groan Stop-off. The dark regions also contained numerous irregular
crack, aligned parallel to and adjaocnt to the fracture surfaces, as can be seon
in Figures 42, 43, and 44, Specimon C-29 failed away from the brazed area
(Figure 45) in post-expouure tensilo testing, while C-30 failed In the braze dur-
ing onvironmontnl toiting (Niguro 40),

Figure 40 Drased l•peoLmen C-10 Attar Tensile Test, Arrow Points o Dl-,
coloration on 7,rature Eluri, (Envirmniuinntul-test oonrditolonai
8OOF, 1Q0 kits, no eAlti durattonm 03 cycles) (H-M4i8 96

irigur 41 Bramed 8peolinmn C-30, ralted During 56th Cycle, Arrow Points
to DiscolorAtion cn Fracture lurfaoe (EnvircrunetitAl-test Cun-
ditluns: 800F, 181, Kll no saIti soheduled durationt 03 cycles)

(1-04807) MAIi 24X

"A011 NO 0
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Figure 42 Brazed Specimen C-29 After rensile Test. Arrow Points to Oile
of the Cracks in the Stained AruR. (Environmnental -test conditions:
800 F, 130 ku1 no salt; duration: 83 cycles) (H-64892)

Mag! lox

IPACIN NO 60)
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FIIgitre .1.9 Brazod Slpect:imi C-n,•. Failed Durtn~g IIth Cycle. Arrows Point
to Craclw in the Stained Area, (Env'ironrLmental-test conditions:
800F, 130 tesi, no salt; Rchu~dulud duration: 03 cycles) (H-6t489)3)

Mag: 15X
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Fiur 44 Brze SpcmnC3.Fie uinN5hCce htmco

graph 'rrough Cracks in Statned Area Shown in Previoua Figure.

(EnvirormentRI-test conditions: 800F, 130 ksit no salt; scheduled

duration: 63 cycles) (EP-2168-7)

Etohant: Villela's Roagent Mag- 500X

PAGI NO 82



*Figure 43 Brazed Specimen C-29 After Tensile T'eat, Showing Location of
Rupture, (Environmental-tout conditions: 800r, 130 kol, no salt;
duration: 863 cycles) (E-P-2172-1O0

M~g: lox

PA(19 NU 1
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Figure 40 Brazed Speaiman C-30, Showing Location of Failure, Failed Dur-
Ing 85th Cycle, (Environmental-test condition:i 800F, 13U kel
nio esmiti mohoduled durationi 63 cycles) (ElP-2J172-9))i

Meg: lox1

I PA*3 ~iO (4
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Green 8top-off is a propriotary commorcial product. Chemical analysis of
231,tlpiu indicated mat it contained no fluorides or sulphates and only a trace of

chlorides, It was slightly acidic (pH 5,4). A qualitative spectrographio analy-
.l- made on a *amplc rovealed that It was high ih titanium and contained trace
amounto of aluminum and silicon. The manufaotvrerls literature indicated that
the material had a laoquer base, Although the analysis did not disclose the
preeenco of any constituents which were deemed to be conducive to corrosion,
it is not known it the Green Stop-off influenced the corrosion which was
observed.

The tonsilo ntrongths obtnlinod for thi two non-braned control specimonn
(C-:if) ntid C-10) nf0or exposure to Soo F wore approximhtoly teo siame, oven
though one was malted. This would indioate that the malt alone had no effect on
base-inetal properties, In addition, the itrengths of the non-bra,|ed control

specimens were oonsiderably greater than 4hoose of the braked specimens
measured after exposure to 800-F oonditloits.

An unexposed brass specimen (C-30), when tensile tested at room tempera-
ture, was found to have tenail..strenrth, comparable to those of specimens ox-
posed to the 8QO•04temperature conditions. Am was the aoem for welded and
braged AM-aS0 and AM-355 and welded PHIB - 7Mo specimens dlecumnrv eoar"or
In this subsection, the higher strengths were attributed to the additional agli~g
whioh occurred during elevatod-temporature exposure, Tables XVTf I'M. XV
indioato that corrooion effects, not necessarily attributable to Pult, lowired the
mtroq-th nt 800F, but not at b0OF, High temperature increased thv strength at
high oyoles. No effect of oyoling was found at low tomperatur#, Joining de-
cirased the strength After exposure.

PH14 - RMo (Welded) - Tablue XIX and XV sumrnariae the environmental-
teat h•ietory for speotmpn, of this material, There wore no initance. of spec-
irnon failure during cyclic toeting, nor were there any O1idoationu of corrosion
Pracking when specimens were oxamined following pomt-exposuro tensile test.
A. was experienood with the throo proviously dilouniaod alloys, additional
olevated-temperature agIng romulted I;, notiocatble treongth increaes, Salt had
no apparent effect on the alloy •n Ito wolded form, Welding did not affect the
str'ngrth with expopu r•,

MAQPr NO 0N
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Porrosion cracks on exumination following post-exposure tensile tepting and
cycllng increased the strannth at this temperature. Of the nine aspeimens
which fathed during cyclic testti, all but one (D-23) had been subjected to the
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800-F temperature level ands four (D-21, D-29, D-30, and D-34) experienceci
corrosion cracks, Therefore, no comparison can be made of the strengths at
this temperature. 'Iwo ot the iatter group wert• i1.et (D-21 a - '<W3
were unsalted (D-29 and D-30), and all four had failed in less than t',. cycles of
exposure at 800F and had Tnany Irregular cracks. The crRol' w.ýr pr.rallel to
the fracture surfaces, as shown in the photographs of specimens D-21 and D-.30,
Figures 47, 48, 49, and 50, and were confined to a region which waa discolored,
apparently by Green Stop-off. Shallow, blue discolorations were observed on
the peripheries of the fracture surfaces (ligures 51 and 52). There were no
surface cracks or discolorations on the fracture surfaces of the two unbrazed
specimens (D-39 and D-40) which had also failed prematurely (in less than two
cycles). All fractures were of a ductile-shear nature and none originated at the
shallow discontinuitles which were obsem'ed, From the several findings which
have been referred to, the conclusion was reached that the crack indications
wore of the corrosion type, although not necessarily attributable to applied sRlt
since unsalted speclinens showed similar cracks. It was further noncluded
that the premature failures could not be attributec1 to the presence of incipient
corrosion cracks inasmuch as a non-bruzel, unsaited, control specimen (D-39)
had also failed prematurely, am previously mentioned, As was found for the
brazed PH15 - 7Mo specimens, evidence of corrosion was apparent in both
salted and unsalted samples, thus preventing evaluation of salt effect alone.

Ht

Figure 47 Brazed Specimen D-21. Failed During 2nd Cycle. Arrow Points

to Crack. (EnvironmeIntal-tent conditions: 800F, 148 kni, salt;
scheduled duration: 03 cycles) (H-63829)

Mag: 15X
PAi N! 
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Figure 48 Brazed SpecLmen D-30. Failed During lt Cycle. Cracks Con-
fined to Stained Regiona (indicated by brackets) on S1'e Oppostte

SBraze. (Envi ron mento I-test conditions: 800F, 149 kai, no malt;
scheduled duration: 63 cycles) (H -04510)

Mag: 13X

PAO. NO fl
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graph Through C rtikod Aron. (lhvt ronmonmta I-tout condition.:
80O1p, 148 kit, no slt; uvhoduled duration: 63 cycltu.)
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Flavrs 31~ Bramsd Speoimon D-34, FRilod During Vrfl Cyclie, Arrova Point
to Discolorationa on Frctr iSdaea. (tEiv~un montaI-toot con-.
ditionsi 800F,% 148 kall salt, schodulod dum'tlon 10 cycles)

(H-040 18) Mali 24X

Figura 2 lirmied 0pclvien D-30, FIfiled D~uring lot Cycle, Arrows Point to
Disuoloittionm In Fracture No.rrmaca (E~n virunimants I-tust oonrititlnsi
11001, 14 ka~I no osai scmhaclulud durstlowi 03 cycle.) (h-14fl 17)

Maji 24X

7A1 1



An explanation was sought as to why the welded specimens had survived
their schtv,.uled cyclic testing whereas the brazed specimens had not, The two
non-welded control specimens (D-19 and D-20) had been fabricated from the
v•mre lut A' waterial frikI whiul the two non-brazed control speolmena (D-30
and D-40) had been fabricated, yet the non-welded specimens successfully corn-
pleted 63 cycles under the same exposure conditions aF, the non-brazed specd-
mend had been exposed to, 800F and 148 ksl. The heat treatments for tho two
pairs of controls were different (the braze controls had been exposed to the
1700-F porticn of the heat-trrat cycle In vacuum), but the material hardnesses
were deturrnined to be comparable: Rockwell C 47 for weld controls, Rockwell
C 46 for brav'e controls, flowever, as shown In Table XX, the 800-F yield
strengths of unoxposed welded find brazed specirnens, were quite different, both
being below "typical" values reported In the literature. The lower strongths
of the welded specimenu were attributed to the weld Joint, The lower strength
of tho brazed PHI4 - 8Mo material was attributed to the slower cooling rate in
the vaouum-brazing process, Thus, the brazed specimens which were exposed
at SOOF and 148 kil were stressed approximately twenty-five per cent above their
actual yield strength, accounting for the premature failures,

TABLE XX

COMPARISON OF MECHANICAL PROPERTIES OF TWO
UNEXPOSED WELDED AND TC)O UNEXPOSED
BRAZED SAMPLES OF PHi4 - bMo MATERIAL

(l3aod on tensile touts tt 800F)

J.,12 _told SIll-itL0 l0l.l 2 Y k1 (I
D)-.12 WlhI S1111-950 161) 101) 63

D-81 Brno MR11, I-050) 1(16) 11-5 10
-irn 81111-95(1 1.0 1:12 1

*I)NII( lpt, •2:1 811.1l-Wit) 180 1.', 8
2, , t

*llUfV1M Vu Nl1 tWIM Inlh),"tM IID1 C(.Inter Hp Lclort holir, ,1,lNMI, lll'V

SMivinornil lnstItutu, Columbuo, 0)1iu,10 -%'0
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Ha~tAl~nV X WA d)- Tjah]A XYT wimmstra thA anininitltn
history for sWpEimns of this material. All specimens which were cycled at
1600F complewd their scheduled number of cycles without failure. When they
were subsequently tenvile tvmtcd at room temperature and their fracture sur-
faces wvere eyxarmied, there was no evidence of salt corrosion, No significant
differences in tensile itrengths due to cycling were evident, for the specimens
which were expoiMC at 16OF, Strengths wers slightly higher and ductilitesI
were lower, compared to those propertiem for unexposed ma*erial. Increased
hardness iluoes correlate with the higher nbserved elrengthH.

TABLE XXI

ENVrRONMENTAL-TEST HISTORY: HASTELLOY-X ALLOY SPECIMINS

S•..' .".•,1 N O 7.3.

4.. *"L':. ," 4 ."4.4 4 4' ..... '*44 4



However, of the eight teat articles (six specimens and two controls) which

schedules and one failed during preliminary tensile loading. The failures were
typical ductile stress-rupture breaks, as can be seen from the photograph of
specimen E-6, Figure 53. Metallographic examination of salted and unsalted
specimens revealed no significant difference in the degree of cracking (Figure
54), Indicating that malt had little, if any, effect on rupture life. There was no
evidence of corrosion in any of the specimens tested at 2000F. This tempera-
ture at applied stresses was too severe for this alloy.

- IZ

Figure 53 Welded Specimen E-6, Failed During CZycle. Failure Occurred
Outside of Weld Region. Note Readuce.. Jage Section Above and
Below Marked Weld Region. (Environmental-test conditionp:
2000F. 2kui, Malt; scheduled duration: 19 cycles) (H-64085)

Mag! 4. 6X

r'A13 NO 74
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Figure .54 Phutumicrographs of Wcolded Specimsn. B-1 (top) and E-14 (botttim)
Specimen E-1 Ruptured In ~30 cycle's, E-14 Survived 63-Cycle Ex-
posure. (Environmental-test conditions: 2000F, 1 kul, E-3. with
salt, E-14 without malt; scheduled durativn; 8.9 cycles)

Etchant: 101T Oxalic

PA,3I NO 75



Hasate)' (Brazod - No evidence of Type-(1) or Type-(3) corrosion in

any of the _d specimens was detected, However, as Tables XXI and XV in-
dicato, salt did ducrease the ultimate strongth and ductility of this alloy at both

I temperatures. At the schoduled inspection of 2000-F specimen@ after 40 cycles

U of onvirorrnental titin1, it wasn obaerved that very little braze metal remained

on the salted material, The photographs, Figures 5 and 38, show a typical

salted specimen (E-21) with only a small region of braze mnatorlal left after

exposure at 2000F for 40 cycles, and an unsRlted specimen (r-29) exposed

under the same conditions, There was no apparent reduction in brnae nrea on

those upocimens which were tested at 1600F,

Flrgure S3 Brazod Spoolnini E-21. 'Feoting Terminated After 40 Cycles. Re-

mairio of DBroo on &lurfaco, (PEnvironrmeantal-test conditlona: 2000F,
1 kat, salt; schedulod duration: O cyoles) (H-03833)

A~Cl ~Mmijbi 15X
"PAOU NO7(

I . . . . . .



~'Figure 30 Brazned 8pecimen E-10, Testing Terminated After 40 Cycles.
liptfloantly More Brass Material Remaining Than on Solted
Spootmean Nhown In Pvevious F~igure. (Envtronmental-test condi-

tioni 800F,1 kait no salt; scheduled durationi 03 cycles)L tioma 9007.(H-03834) Malt IOX

UltirmAte atrongphs for the two braxed spectimens (9-21 and V-92) iqxosed
at 200010 for 40 cycles were 84,3 kit And 81. 1 kill elonigations for the sameo
Nup.OIMcn8 WOVO 8% And 24%, MemAurod values of theme machanical properttu.
fov tho two unsalted mpecrtnit'nN (E-29 nnd F-80) woro 116,4 ikuI and 94, 8 kat, and
i:M1, andi 4 1%, no roIntivoly low viitooa for the~ mnitind opectrnoni, cornpurod to
thomo, forthgilt- unioultodclounterpnrtoi, wnrr ottr1huit in t thc' more~ oximnsivc' ur-
tiic' vvP1W14N (not Tyvp-(1) or Typoc-(o vorroalun) whtc'h occurredt tn those ipec-
iwninx (F1pro l7). Again, iam Tnbhlv XXI And XV tnulicAte, tnuroiasing temper-
otmvi ,t high uyolfm and m'rmigcxyvlc At low tlicu~ioarc enaiad the
Pitiviugth, Exposure to malt also devuconucd tho otrcvnith of hrnAvul spovirnv-,
Snit appeared to t~ffout the loupticin of tensilo failure on thle ipoutmenm axposad
iMt 900011' fur 03 uyelei in Uie Uri~ms region for briaveu and smatted apeolmeni
and uuteluim the brume region for brained and unsuited ipoulineni.

t-AdkN NO) 77
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Rene 41 (Welded) - The strength characteristics of this material in the
welded and brad•d formR Ann nRqr In Tqh'A CXYT. Tt. will hA nntari fhist ,,•n* M

the tested specimens experienced Type-(1) or Type-(3) corrosion. However,
it was evident from the test experience that exposure at 1800F and 63 cycles
subjected the six specimens to a very severe condition; three of the six test
pieces failed in stress rupture (Figures 58, 59, 60, and 61) before completing
the scheduled 63 cycles; and the tensile strengths, yield strengths, and clorkca-
tions of those specimens which survived were found to have been considerably
reduced. The post-exposure-hardness data in Table XXII indicate that, at
1800F, Rlene 41 is severely over-aged. The three specimens (two unsalted)
which completed their assigned 63 cycles at 180OF and 3 ksi were found to have
numerous cracks (not Type-(1) or Type-(3) corrosion) along their g'age lengths
and outside their weld regions, the degree of cracking being greater for the
salted specimen (Figure 62). As Table XXII indicates, the salted specimen
(F-1) exhibited ultirnatL, and 0, 2%-yield strengths of 76,.5 and 63, 6 kol; elonga-
tion was 3%, The two unsalted specimens (F-9 and F-10) exhibited ultimate

aMd 0. 2%-yield strengthe In exoess of 100 and 70 kat, with an elongation of 9%.
Theme data would suggest that the salt compromised the strength and ductility of

specimen F-1, The specimens also exhibited considerable necking (reduction of
area), as can be seen in Figure 63, on pout-exposure tensile teot; none failed
through the weld. Figure 64 is a view of one fracture surface of the specimen
shown in Figure 63. The dark band around its periphery was observed in salted
and unsalted specimens exposed at 180OF and is oxide discoloration,

", we welded and salted specimens (F-5 and F-6) were exposed at 180OF
and a stress of 4 kst for 19 cycles. On tensile test, these showed higher values
of strength than dic4 Mither the nalted or unsalted ones which had been teoted at
1800F and 3 ksi for 63 cycles. The specimens which wore tested for the
shorter time and the higher stress exhibited slitht cracking In their gage sec-
tions and failed through tho welds when pulled to destruction. Apparently the
additional 44 cycles at 1800F to which the 3-ksi-stress specimens were sub-
loeted were sufficient to cause incipient failure in the paren't metal, with a re-
sulting lowering of tensile strength.

Those salted specimens Mhich were exposed at 1600F did not deteriorate
to the extent that those exposed at 1800F did. All specimens evaluated at 1600F,
salted and unsalted, suffered a significant loss in tensile strength and ductility,

as ovidoncod by the values in Table XXII for two unexposed lamples (F-16 anrd
F-17), Thus, it was indicated that exposure at the lower temperature (1600F,
also ovor-aged the lIen"41 material, although hardness-valuh changes were
slight, However, the two salted specimens exposed at 1600 F and 13 kit for 63
cycles (F-3 tind F-4) had lower tensile-property values than the two which were
exposed utnder identioal conditions, but without salt (F-11 and F-12), As
Tables XXII and XV indicate, salt, temperature, and cycles degraded the
material,

RAGS NO 79



TABLE XXfl

ENVIrONMENTAL-TEST HISTORY: RENE-41 ALLOY SPECIMENS
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Figure 58 Welded Specime~n F-2, Failed During 58th Cycle, Failure Occurred
Outside of Weld (indicated by brackets). Note Extenslve Stress-
Rupture Cracking. (Environmential-test conditions: 1800F, 3 ksi4
salt; scheduled duration: 63 oyoeIs.) (H-63835)

Map: 7, BX

Figur-s 39 Welded Specimein F-2. Failed During 58th Cycle. Noet Extenaivo
Stress-Rupture Cracking. (Envirornmental-test conditionsi 1800F,
3 kill salt; scheduled duration: 03 cycles) (E P..2182.6)

Etohant: 10 HNO3 + 10 TIAC + 15 11C14 + 05 H120 Mast 5OX



Figure 60 Control Specimen~ F-19 (no weld). railed During V~at Cycle, Note
Exteneive Stroea-Rupture Creakiing, (Envi ronmental-teat condi-
tionas 18007, 3 k.1, no salti ucheduied duratoimi 03aycles) B

Figure 61 Control Specimen F-SO (no weld), FAIlsd Durinj 01.1 Cycle, Not*
Exteraive Itreas-fupture Craoking, (Environmental-lat condi -

tioei 800, 3kmi matl che-uld dratom 3 Mal gi of13W
tions, ~ ~ ~ ~ ~ ~ ~ ~ ~ Mg lax u 111mhdlddra~n 5oouu I-iS
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riptro n2~ Ihotomi to roira phi of Welded Spsvirnotiu IPA~ (top) and F~-11 (bottoni),
81401i1161 V-11 FaIA1110 Duiiii1 41111 Cyoll, F-11 Cuompleted 03 Cytvlouu
Nuts More 104tensive Crackling Ini 4pociimoi F- (IEnvironnietdAl-
tvit coiiditlonsi 1IQ00r, a kal, Ymj with mail, F'.U without ealtý
scheduled durstlcwui 53 cyileu) (01-2303-5) (ICM-233D8-)

lCtohiknti 10 IINO +10 IIAC + 18 1IlL'. +a111 MR11 fiOX
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Figure 03 Walded Spcimner F-1 After Te,~atll Test, Fracture Occurred Out.
side the Weld Region (brack~eted), (Environmental-tust conditionxi
1800F. ~3 kal, smiti duration: 03 cycles) (H~-04080I)
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Figure 64 Welded Spec.~.nert F-1, Discoloration on Periphery of Fracture
Surface, (Environmental-tost cond~itionst 1800F, 3 kot, @&lt,
durationi 63 cycles) (H-064101,

Magi 24X

Rena 41 ('B~r:zd All salted specimens of this group suffered corrosion
of ie ormor noterTwo instanco. of Type-(l) corrosion were dietected.

Bohsamples were Pxposed at 180CFi ono at 3 kit for 63 cycles (F-22), the other
at 4 kei for 19 cycles (F-20), Photograjpha of tho discolored region@ are shown
in Figures 08 and 60, Tensile failures were lonatud within the braze of speci-
men F-22 (Figure 6?) and out of the braza2 btit within the Ralt lvatch or F-26 (Fig-
ure 68), Extonsiva our!&"e cracking and intorgrartular oorrrnhion (maximum
depth 0. 024 Inch) was evident along the entire gage length of both brakzed and non-
brated (control bpecimen F-40) maltod 7,olmnens exposed at 1MOOF~, Thus, t-his
corrosion was not restricted to the small rei-on to which the salt had been
appliud. The two unsalted specimens exposte', at I8001' (Fk-37 and k'-43), althoagh
showing sipsi of oxidation, expertentied littlo Intorgvainular cracking (maxinmuin
depth 0.00 CSInch), lnepresentative photomicrogrri~nx `ltowing these effects are
presented in Figure 89. The two malted sample. teitod at 16001F and 4 kit for
10 cycles (F-28 and F-20) wisre craoked so~i,.what love severoly (maximum depth
0.012 inch) than malted mnaterial tested at 1800F" sin 3 kei for 03 cyuiqa (F-21 and
r-22). Poit-ivxposure tonsll. data in 'lablo X.XII also subotantiato thitl observa-
tion, Comparing the tetis ii ditta for xalted and unoaltod Apoolnwrim exposed At
1800F to those for brazed bu~t unexposedi matorkil (F"-34 flnd r-mf), It In readily
tl~ipurent thAt a groas dutoriorati~un of tensile strongth and ductility ocourrud,
TIhis io not surprising, since, as wAs noted with weidod specimens of this Alloy,
at 140O0 lend'41 rilpidly over-ages, iowovor, the deteriorating offects uf Lhe
*yiithetic sea salt At thii tumperuture are also readily apparent from the tensile
diat., the longor-time-exposura spocimens dsgroding the most, T[hoes &ta also

i'vevali that the unbrazad, saitod, contrul apoeimon (F~-40) expoied for W11 cyodes

doteror~td tothr mltmodegro noItsU brzdnNCmle UnLlI~N(FR i



F-22, indioating that the prebenoe of braze material had no apparent effect on the
~ jUUL*LVDL'JLI 111CUIlAULISILI.
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Figure 85 Brued Speoimen F-29 Aftor Tenslle Test. Arrow Points to II•@-
coloration on Fracture Surface. (Environmental-test oonditLo•su
1800F, S kiL, ialt; duration: 03 cyolou) (H-70U68)
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Figure 07 Braited Ipsaimen r-219 After Tensile Test, *h'owing Location of
R~upture, (EnvironmentKI-test oonditIonmi 18OOF, :1 kaIl uiti
dirationi 03 cycles) (lP.- I79.7)
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Although none of the amiplos exposed at 1600F showed ovideuce of loeal-
I zed discoloratlons on their fracture surfaces, a corrosive tnechanismwas

ertaimi n It'i UP ,UJLiL l tit il l r L VI , . ,II.IKUL V 'I.L 'U,. i r,,• i,,-, hi Ij,,,, ikd ly

different frum that observed at 1800F, Two of the salted samplos exposed at
!6O0F {F--• .0nri V'-2 faiind during PrTvirnnmrntAn Pwvprlre, F..xR.wAlon of
the speoimens rovealed that the gage thickness at the brazo-to-parent-metal
interfaco was reduced by appro Imately 55% (Figure 70), thus resulting in a
stross-rupturo failure, Thno me type of deterioration (thickness reduceod 47%)
was observed In the two anmplhs exlposed at 1600F and 17 ksi for 19 -yclom
(F-27 and I'-28), hut the shorter times involved did not allow stress rupture to
occutv, This henomenon wis not operntive In the unmalted samples, nor was it
found in salted, liene-'ll welded mwI,'-itimnn vXlOmvd under Identical (ondltionm,
'lhrc cftre, lit 10MI ,' Halt l1rodu'(MI M(,vrv gailvanie ('co0ron.ot In hrn.ed sl)VOt-

nlion, As shuwn in 'T'abla XXII, Ulu unwaltod spectmens exposed at 16001' and
18 kat for 03 cyalos experienoed a loss In tensile Ptrength and ductility due to
tho tornporaturo exponure only, Thus, a wa•N experionoed with the welded
samplos of this material, 1000-F exposure also resulted in over-aging of tho
alloy.

YlpuN 7U Prirapd speolinun F-aiii i~IPfrC During 4Wnd Cyulu. Nutt aross
Rteduction In (11490 Ovation Adjacent to lHrpsu, Kilaviuta-et
condltionxi 1000l% Il3 kul, 4111: Auh~uduled durttion, Oil uvrl )ol

(I' I'-I00

l':Uh~nti V)1 IINO I, + 10 IIAC + 1fl llL'l (in 11 hi Ok~i M

114414 NkI



ii In summary of the results discussed above, it was observed that, at 1800F,DAILOU *J trhU111Ui, L, UL11 Ur-UYWU aIM unCrtM&M, lauitered emenlsive intergranuiar
corrosion and cracking, with resultant lose in tensile proportion. Two In-
stances of Type-(1) corrosion wore found at this tormpcraturo, At 1600r, al-
though no evtdencu of Type-(1) or Type-(3) corrosion was found, the brazed and
malted specimens suffered severe galvanic corrosion, This type of corrosion
wm not evident at 1600F In the welded specimons, mince the weld filler material
was parent metal Tables XXII and XV indicate that bmahlng has no effoot onstrength after oxpoaure.

Udimet,700 M Cldodl - Tables XXIlI nnd XV snimmnrtrio the tent history for
thiNn mnterial, None of the welded specimens expertencMd milt corrosion, nl-
though all of those tested at 1900 F and one of those tented at 1800Pr failed before
completiun of scheduled cyclic oxposure, All failures were of the brittle type.
The results of the post-exposurt, room-temperaturo, tensile tomtp of the five
specimoen which completed their ohoduled number of cycles and the measured
hardness values of all pecimnens indicated that the material had boon over-aged
by the exposure. Macrophotographai of typical failed speciman, malted and un-
malted, are shown in Figures 71, 71, and 71. Based on mtoroexami tations, it
could not be said that salted spectmens were uracked more severely than un-
malted material (icurte 74),

Otoi velded U-700 specimen (0-8) showed evidence of mulfidation in the
form of a light-gray globular phase, Thi arrow in Figure 75 pointa to sulfide
particles in a arose section through the salted region, The extent of sulfidation
was quite limittd, Analysis by eleotron microscopy verified that the phase was
throme-rich sulfide, The specimen had survived its scheduled expomure of 68
cycles at 16007, No cracks associated with the sulfidatton were found on
motallograiolo examination of the mpecimen,

This Instance of sulfidatlon was confined to the one welded U-700 apeotmene
there was no evidence of iulfidation found in any of the apecitmes of the other
nine rlateriall investigated In the program,

Udimet. 700 Iraadi - aBitted specimens experienced a degradation In over-
all capahillty at 1900F similar to ilia found in the welded specimens, The malted
(0-11 and 0-U1) and unallted (0-11) and m(-31) lpeolmeus which were exuosed it
11100F and 3,0 kil falled before completing the mshaedlmd 013 uycles, Mturo-
examInation revealed urauktnl tu be inure titmtnseve In the two salted speclmens
(FIgure P d), The two malted specimens (0-4O and U-31) almo tested at 1000F
but &1 0, 0 kil, mstrvlved their 4oheduleod 11 uyules, It wae apparent fr'om, the teitinll
ot both welded and braed speolmens that, at the maximum expoutle temperiatuae
and time, the material would rfll In siruma ruptlur before thto premen.e of malt
voultl be of olsi•lthoano,

",AQ1 HU
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TABLE XXIII

ENVIRONMENTAL-TEST HISTORY: UDIMET-700 ALLOY SPECIMENS

-f oW t W I_,I C.42.o I& m .- ' 6.27 toanroo blo.2owl-W, .. 4 rw,rvI,l". CotVoor 010.

G-1 wow Vol0 100 3 03 47.3 G r*00107 3 140 31

0-45 Wrd V.. 11f 3 03 Ski 000.040 I 24 34

0.3 30.4 T.0 400 64 03 03 Is? 117 40 1oo~, 0

C-4 30,4 Y.. t44" 16 43 41.0. - 2r, 91W.- 2 o3

430 044 2. 00 0 2.2 . 01, 4 -34

"0a1 3.44 00 2900 3 03 00-- - .0.0 4 -34

"4-3 0.24 0. 1000 24 a3 .3 443 424 10 000200 1 31

ft0 30. .0 14144t 23 to 40 ITS 440 44 G-.0.1, I N. 40

-l5 Wood4 74. 4000 b 49 10 - 0*' 3 No 30

41.0 Wod V4. 4000 5 Is 14.6 rooo 3 3

C_4 I 04 I .b I" Is I0 I0 44 -ooor 1 43

1126 WINd 2 00 422 44 Or,0,0.1, 1 44

ell$ 0400 V4. 1000 3 03 04.- - - ,004 3?2

0.44 0.00 V" 4000 3 03 56.3 . - ,0-.310 54

0-4 0 Y .. 4300 3 03 43. . - 44010, 6 0

Co-22 Il,0.0 7400 404 3 03 47. . ,01. 3 74.33

0.:3 0,.. 74.0 240 4 03 43 1223 0 lo Gr.00020 1 33

0-24 or0.0 7.. To 4060 J4 63 43 I0ts 0 4 0000010, a 4 3.

C-20 20.00 ft. IND0 3 03 36.0 60000467 4 34

22371 0,0, 240 49000 3 03 44.9 - 0001W 33

4132 0006, 24 T 14040 24 03 145 40 46 0,0001, 4.33

- 06 9- NO 1" 20. 34 43 02 153 103 is 0,00040, 1 30

G-.7 00... 74. los0 19 It 4 1 30 I42 0 000.040, 2 No34

C1-7 90.6 746 2000 49 19 It 322 44LO 6,0.01 2 NO3S

0-6.~I 000 740 I34 "4 to 40 220 40 0064, 6 0 34

G-54 0,0. 740 IN*0 S 40 In 1004 3 G,0....0, 2 20 - 36

O-_3 0000. -t . 0 120 47 0,00.4. a 4.

C-31 06o.0 In -3 1 0 )7 41,.-40, 4 -41

0-30% 1,- 240 400 3 03 03 1412 04 4 0,00000 31

C-40 0004 yes0 2900 3 03 23 cr. 000.2, S4 24

0000 44 2,k0.40040 444104

2.- r-0 20. .. 4. 44o. .. u

3. 'I wo 0..Wt2.000000

S. 7424.." 00 "'40004
122 003000000400a T:-- I 000/603. 00400042 . Mt00

02 dm A.0040 ,d-
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I Figure 71 Weldesd Ipootmon Om, Failed Doitng 510~ Cycle, (Envir-mmentiM.
toeat ondItlioni 100Or, Skl eaIamti ochedute4duration, 05 ycles)

40



Fijurp ,1 wI Wse' pocimse U-9~, )IalgoJ LOurlg 1l~rd c'ycle, (i~nvlrunmseitaI.
lost ivondIlIw'ii 1UOOY, 14 4 1, nu multi scheduled du'rmtiui mi Cycles)

1-~i 0:19 4) Mo i



"Figure 74 Photonmioror•grphe nf Weldou Specimens 0-1 (top) and 0-0 (bottom),
BpocImen 0-t ra~led In 48th Cycla, G-9 In the 33rd Cyclo, (En-
vironmental-teat conditionmi 1900F, 3 kn, a-i with salt, 0-0
wlthut salt; mcheduled durstioni 634 oyolei)(EP-2233 -4i(E.P.W-23L3-5)

Etohiuiti 10 HNO + 10 IAC + 1 HlCL + 63 H 0 Mag; loX
3 2

PAGN NO
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Fi~re ?nl Welded dpeo~iciiuzo 1-~3, PhotomIcrloro1aph Mhowing UufIflc PArticlos
(ari'owo In Crmu-Smvotun Thruugh Balt Iteffluri (NyI runvi oI~nto I.

lhtuhmiti 10 I1NO R + 10 HAU + 10 11C1, 06 1120 M-11 U ¶"i OX
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fi'gure 70 Phomounloraripa or Brained spealmenu U-3 I (top) and (i8 (butturn).
U1poolmo~n 0-31 rallid In Ord Cyols, CI-31 In 48th Cycle, (bNnvi-
ronmental-tost condittoiiai 1000r, 3 kit,1 04 1 with skit, (1-07 with-
out mpiti mahedulod duratiuni 03 oyolos) (lM'-NW31-fl) (~'9~U

Wh~toh~i 0o lNO + 10 HAC + 15 11OL + 03 11 ) mail 4aX

RA411 NEIs



All four brazed wid iialtod dpecinonh exposod at OGOOF mtirvived their
michdulod nuniber (if cyolett and exhibited lowur ultirnate-t.onat1A at,~j&4i msvA

ductility thrui tho unsalt-od 1(IOQF-oxpoure apochclens, 'rho lower strength was
at~tributed to. the more oxtonhiva cracking (hot Typo-(1) or Typn-(O) corraslwný
Whli.jh Ouvurrend in the malted sparitnion (Figure 77), As w&A true fur tl'oxci which
had been ttested at 1900FI~, tho 1~10O-V-expouurc spsulmenan ovideniced over-aging
(note drop In hardniess vkpdueN givon In Table XXIII). As 'rablo XV indicates,
oorruiqlon, cycling, and tomporat-urn All dograde the stre'ngth of bruseil tydln*.Ot 700,

Fl"iurt9 77 Phutwiln1crugeti4ihum ul' 1kried Mp~vInt.ifli 0-113 ýIf'1) anld (1-39 (right)
Af ter 'Ionas Tie'ont, (K~ nv I Iwiiii Pln~i Mumo I v ontli lunui W OOF, U~4 WI
(1 -21 wIth suit, (1-1 witliout malti I durati mit 03I uye irw) (12I -dii U-li)

N'tohiwt i 10 IiNO 1 % Id IM' 4i- 11 H + On 1 111 0) MAKI -ION

HAI~v HU UU



A 8 Wedd - 'rho test history for specimehis of this ,aterinl appear.
fn Olloi XXV. No evidence of Type-(l) or Typa- (3) corrosion was dialmovered

floisenvirornmental tostinu. Furthermnore, there were no failu res enooun-,
t r~d In the courso of muu4h tenting. All specimrens lexpomed at 1200 F oxhtbited

-I ~an inc~rease In tensile strength OOMPrnprd to the torn. tIle stroenghu of unexposedmaterial (H-11 man H-U1i This wits due presumably to additional aging, A
tend toward Increased hardjiooualuesUO was also appiront. The two malted upisot-
meam (H-1 and H-2) oxpomod titt 12001 and So kait utwwd eumnwhat lower tensile
sringthe than their unmalted counterparts (H-13 and H-15), although no hlgnhifiant

j cracking could be attributed to the applied malt (Figure '76). All four specimens

1PeotMuMI eVAlUated at moor for na and 10 cycles hAd eumentially the ammon tonpilo
proportion Rm unnalted spoviman. tastad at BOOF' tnr 53 cyelo., and allmf RA

oMea on te tensile proerie ofa~ wWthep Way.4 T.'able XXL and91 [1 V~ i4ndiaewedn

to Ila W 1 14 94o.

all 4 I 4 .4 4 IN l` lI '.1

ItIll is its If I !I '49

of 11,414 . 419 1. It 111 '44 It

Ill 11411 494 '44 It if Ill ill It4 .4

III " If4 41" 16 4, 11 1. 4 If 1. 114 1

at 4a 1" t I. it i ill . *, 14 I *
1, *4141 lu to If 11 14 ir It it'
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Figure 7a PhotonflurvirrAphe of Wolcdsd Npsoiv~ai. Il-Il (.tup) AI~ct 11 -13 (buttuin)
Aftor 1eanat.llo Tow vrI1ImnA expoluurug W1rO , 3D kmi, 11-2with mikh, 11 - 1,1 without isnitj duratium 0,11 oyclui) (I ~~~U

Ktuant I C , /C, I I ~gulO



I PFiguar Its Wuiddd Apeolinen 11-9 After renallo Test, Showing Itup~ire Loatlun,
(raivironmontRl-tust ounditltunfi 1900)', 130 Wi, sasit duvatluhi

Miagi VOX
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A 280( (13mxtxl) - The Ibrased opm Inenn of thino alloy expoued At 800F per-
formed its did their waeldd eountorpnrthi that Ini, Ptrtilnthr and duatilities of
oaltod, undaltod. 10- aind (13-ovoal skoanimarn W.'.o OSMmaajlll 4u8AM,0#Im to% oh^

values of those proportips mecasured on unexposed material (ll-20 and 11-27),
[1 In Addition, the two unsouIted, hraaed specimesn (14-38 and 11-413) evaluated at

1200 F and 30 knt for V3 ny:t and the two balted sp~irmanu (11-82 and 11-34)
tented tit 1200F and !1 ikmi tar 19 riyolex phamod nn tIncre~ne in tennlle utrurngth
and hardneam (Table XXMV)1 Thun, additional aging occurred during environ-
nm~ntAl exposure, However, the two hrar~ed and PRlted uploirenu (H-CS and
11-24) @xposed at 120(l1F And 30 kni for (n3 oycolom xpxerienood itdecruaue in
stronl~th omi ducotility an cunn'ipared to their, unimitlteni~umterpartn. Althnough
no ovidenve of ryi)@, o1) or Typt- (.1 voroionof wan foundmi on(r tranture
puilfAve"o of tilt, lowpr.-ni irong1l nuilinti n'~r nov n othevoiwniplon of thin Rrrmill)
IIMiti Algi'nonlt nliviluit of Mkorfolev cratckin vu, a~ vidant subawquent tu tonsile
testing, a. shown in Figure 80, noli majority at the Iripturso oocutred outside
of MtM braved ans JP~iguro 81), As Tables XXIV and XV Indicates oyollng at
both high and low tomporaturs antd oalt. at high temperature reduce the strongth
after wipacure.

Fluv 80 *1oulrtZah of4 Br:.e A-0 pomn ftrT eTM

NoeSeo? Crus(Proa In 06,Dioo rao Sml 19

lort) Sovid Craukid(r~ lirgvI nm~ltod, )au rao Sample ll-,11 rih) (nl

r'immenitAI-Wtet uomidititunn I 1 1111, HO kal d~rurritlul 03i uy le.)

Nlmnhati ACID)IC 1'uCi, MANI 9(1ox

"AL O 11 0



Figure 11 firmsute 111u1womall 114f4 After Tonoije Toot, Nhuwins Impol¶In~ of
liultura, (INnvlrconmniItA I -toot. oundltlun. i 19001f, 33 fl, ku ltit
duratilo', 11) Cyu wi) 1 ' I ~7R 4)

Mali lOX
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)'0Ijui") It 11tmiud Opealmen 1.15 Afttr S'n~wml~ howing Location of
lItupure, (Knvilrohmontal-teit clonditleavg 800?r, 63 kol, salt,

dur~tinn, to uycluu (slýu~ Mall 0X

011) N0hol (aldocl'-hu tuat history for Ou~uirnulle at this niatorla~l ape.
po~v InTabe, XV1 NnInutancasa of Struma cor-ovlinn wora obUaryad, tt will

ho notod that all four *pooinions tumisi- at 11100`10 frIls'd within two oyoveu and
11,fi tho mix toolto t 0 4000Y throu NOWl~ In loop thAn toni oyotiur und throtu
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Wupaloy - TD-niokel interface, as shown in Figure 85. The failures at the weld
I,,+Arfaoen were not anticipated, When a tensile test was conduotbd at room
temperature on an unexposed wefu,ý ... pe:firnn. ruture ooiurrad in the parent
metal, thus demonstratihg the integrity of the weld. Also, pre-Lt; 1% ra" ,-r

sotic inspections had not detected any imperfections In the joints. However,
several of the unexpo..ed welded specimens, when examined metallographically,
had been observed to have Waspaloy filler material in the "V" grooves of the
welde, but very little of that material in the center portions, as can be seen in
Figure 86. The combination of limited heat input, to avoid agglomeration of
thoria, and the restriction on expansion imposed by the welding fixture which
forced the pareut-metal .aterfacet, f.,jether during welding, prevented sufficient
Waspaloy filler mateinal from entering the root regi.on. The speoimens were
welded using state-of-the-art techniques available at the time the woAek specified
by the Contraot-was performed.

TABLE XXVI
ENVIRONMENTAL-TEST HISTORYt TD-NICKEL ALLOY SPECIMENS

II W•44 N 1 4" 14 1 4

4.1 "4 W! 44 1 g4

44.4 Ni 4io II ,, 44

IIS Will "of4 N o 444 4 44 W 4 1 6WI4

4.4, 4444 t44 4 44 a4 I4 44i 4

4.4 If ~ . To :044 if 4 1..

4.44~ I
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4 roiW4 I 4 1

-1*1 fI..W . 4 ) 4 - 4 .
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Figure 84 Welded Specimen J-4. Fracture Surface After Failure During gad
Cycle. (Environrment~al-test conditions-, 1600F, 8 kal, Wat; sohad-
uled duration: 63 cycles) (11-63885)

MAg: lax

Figure 83 Welded Specimen J-3. Failed T)uring lit Cycle at \Vasaploy - TD-
Nic'ýel Interfaces. (Envirownental-test conditions: 1600F, 6 kot,
Balt; scheduled duration: 63 oycles) (EM..3074..2)

Etchant: 5 gmn 1eCl + 2 ml H-CL + 99 ml CH 3CH OH Mug: SOX

PAOR NL 109
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FiPgu 86 Welded Specimen J-19, Photomicrogr•ph of Seotion Through Weld
aod Parent Metal. (Specimen not subJeoted to environmental tout)

(EM-3074-1)
Etohanti agm FeCl 3 +S mlHCL + 99mlCH CH OH Mail MOX

33 2

TD Nickel (Brazed) - Of the twelve brazed npecimen. subjeoted to environ-
mettal toetini, six survived and six failed, tone due to salt oorrosion. This
was a somewhat better performance than that for the welded spoofiens, am
would be expected, because there wai no jotnt in the brazed speoimens. All of
the mix survitore had been exposed to the 1600-F condition.

The brazed and salted specimens exposed at 2000F expecienced significant
metal lose in the brazed area. Those which ruptured in 32 and 32.3 cyolem
(J-21 and J-22) were more severely affected thin the two which murvived for 15
and 18.9 cycles (J-25 and J-26), as mhown in Figures 87 and 88. A photomoro-
graph of mpeoimen J-21, Figure 89, revealed little oxide scale In the area of
braze depletion, but heavy scale over the remaining portions of the specimen,
rho maximum scale depth measured was 0.008 inch on one side. Brazed -pec-
imens exposed at 2000F without salt (J-29 and J-30) experienced metal loss at

MA4k NO. 110

- I



the braze - parent-metal interface only (Figure 90). MicroeXmination revealed
~~~~r " * u r S3JL UA Q&. %,111.A0 L&i6V&J.aV.V MALEU "UVIU W11U W L )AUp UU, Lai tfle

braze layer itself was relatively unaffected (Figure 91). Only a non-brazed,
unmalted, oontrol Ppeeirnen (J-38) completed tte scheduled number of cyclee at
the 2000- F condition, It was severely cracked and oxidized (Figure 92), As
shown In Table XXVI, tensile and yie)d strength@ were significantly reduced
compa.red to those for unexposed material (J-32 and J-33). Thus, based on the
aforementioned evidence, it was concluded that at 2000F oxidation of the base
metal reduced the strength of TD nickel, but the alloy formncd between parent
metal and braze was less oxidation resistant than either the braze alloy or the
undiluted parent mp~tal. The salt apparently accelerated deterioration of the
alloy formed at the braze - parent-metal interface, AS evi.enced in the photo-
graphs of salted and unsalted speolmenu referred to prevto-sly (Figures 88 and
90). Thus, extensive oxidation and oonsequent effective thinning of the brazed
specimens inoreased unit stress in them to the rupture point.

F•gure 87 Brazed Specimen J-21. Failed During 32nd Cycle, Note Extensive
Metal Loss In Brazed Area (bracket). (Environmental-test condi-
tions: 2000F, 4 kal, salt; scheduled duration: G3 cycles) (H-63849)

Mag: 1.X

PARNO
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Figure 88 B~razed Spect,nmn J-25. Failed During 16th Cycle, Note Metal Lose
in Brazed Area (bracket), (EnviroontRnI-test conditions: 2000F,
8 kai, malt; scheduled duration: 19 cyclesm) (H-63830)

Magl 18X

PA39 NO 112
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Figure 89 Brasid Specimen J-21. Failed D)uring 8d Cycle, Note Heavy
Oxide Scale (arrow) and Braze Depletion (bracket), (Envirotmental-
test conditionat 2000F, 4 kui, salti scheduled durattLo 63 cycles)

Etchant 6grn FCi3 + S mlHCLH 99 ml CH3 CH OH Magi OHX

II
Figurb 00 Brazed Specimen J-29, Fa:led During 15th Cycle. Note Metal Losa

at Braze - Parent-Metal Int4,rfaoe (arrow). (Environmental-test
oonditiona: 2000F, 4 lki, no salt; scheduled durationt 83 oyoleP)

(H-63851) Magi 7. 5X

"-Adt NO 113
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Figure 91 Photomiorographs of Brazed Bpecimeii J-29. Failed During 18th
Cyole, Note Exten•lve Oxidation at Brase - Parent-Metal Iterface
(arrcw, top photo) and Degradation of Alloy Under Brase (braoket,
bottom photo). (Envtronmental.-test oonditions: 2000F, 4 kas, no
salti schieeuled durationt 63 cyoles) (EP-221•3j)(EP-.219-.1)
Etcbant: 5 g Fel 3 + 2 ml HCL + 99 ml CH3 CH OH Magi 2OX

114
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Figure 99 Ion-Brazed Control 8pecimnen J-39 Prior to Tensile Testing, Note
Extensive, Oxidation and Crsoodn~g. (Environmental-test conditiona:
2000F, 4 ket, no malt; dun'tiont 68 oyolel) (H-04191)

Magi 7X

Brazned mpeoimens exposed at 1600 F did not deteriorate to the extent ob-
served at 2000?. A alight scaling was apparent at, the braise - parent-metal
interface In salted specimenii (Figure 93), Tensile properties -of salted (J-23
and J- 24) and unsalted (J-34 and -3-8) specimnens exposed at 1600 F and S. 0 kst
for U3 oycles were comparable to each other, Thus, salt had no effect on the
strongth of the specimens at this temperature, nor was Type-(I) or Type-(3)
corrosion observed, All specimens exposed at 1600F exhibited slightly lower
tensile strengths than did unexposed material (J-32 and J-33),

B. Non-Deatructive Inspection

The non-destructive- inspection methods utilized on all iispecmens in the
environmental toot program as possible aids In the deteotio,, of corrosion In-
cluded radiographic and fluo re soent-penetrant inspoction., and ultrasonic,
beta- ray-backscatter, And eloctrioal-conductivity mmaeurrnmente prior to,
during, and after environmenial exposure. The results obtained from each of
these methods are presented for each alloy in Tables XXVII through XXXV1,
and are discuised briefly below, One reason for the wide scatter in inspection
results, and in some instances no results, was the heavy scaling of the exposed
specimens.
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Corrosion was visible in fouxrteen specimens following tensile testing,
Tnese %were, A-1, A-3, A-21, A-04, C-21, C-24, C-29, C-30, D-21, D-29,
D-30, D-34, F-22 and F-201. Welded Rene"-41 and A-286, and brazed Haitelloy-X,
Udttmet-7OO, and A-286 speolimos dxPerienced degradation of tensile pr,)perties,
but no Type-(1) or Type- (3) corrosion -'as detected. A chart Nummnarizl~ng the
f indings of the non-destruictive teuting of the fourteen spec imens ts presented in
Table YXXV1I. Dincussion of these findings follows.

'JABLE XXXCVTI

SUMMARY OF NON-DESTRUCTIVE -TEST RESULTS FOR
SPECIMENS EXPERIENOING TYPE-(I) AND TYPE.(B) CORROSION

A" bN 09 OR Flihr" if .MU no L

0.0 bK V 6 1'.14 If 14PW a

0.1 ILK &' K kNI ItL4m H#46

D-11 01.110d Whim Ito"

Nilfdorpt *m Ten if foren"$I"n dntfe bvewr n
0po-114hrahoni at ineI~ 1#n aftre I~ed Ie tea Mrga h
other four ep1oimn Iso durtn Mhi ua etccl. ~doip of g
eikh4 of thek ies failed torvm nlain foaruoituso h ed ill

metwu .pe iograene ~ tev a t indiitervi, iutno thei ohdiuclord totporamks, adThe o-

expioaure, te!¶5tle-toot failure locations were not coincident with the Indic~tiomm,
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Fluorescent Penetrant - Eitht of the ten corroded specimens which had
been inspected radlogaphically were also examined by the fluorescent-pPnetrant-4 method (t-exposure inspection of brazed Rent 41 was waived because of

heavy surface oxide). Six of the eight evidenced bleed-out, but not at the dia-
colored cracks; there was no indication for two. With reference to the latter
two specimens, failure at post-exposure tensile test occurred in the weld
roglon (the region which was covered by the inspections). As for the remain-
ing six, all but one of the tensile-test failures occurred outside of the brazed
r•glon where the bleed-out was located; the bleed-out in the excepted instance
was not necessarily associated with the corrosion ultimately detected after
destructive testing.

Ultrasunct - Ultrasonic inspection of the eight specimens referred to in
the prceding paragraph disclosed one specimen with an indication and seven
without. The specimen with the indtoation failed outside the joint region at
post-exposure tensile test; oi the other seven specimens, four failed outside
the Joint region oad three failed inside.

Beta-Ru y Baokecatter - Analysis of the data taken by this method failed
to reveal aty ccrraljtion with the fitdiigs of either the other non-destructive
methods or post-e"oure tensile testing.

leogrighl Go&JjtvttY- This method was applituble only to the non-
magnetic alloy sepocimens, The only non-nagnetio alloy exhibiting Type-(I) oor-
roe i was brased Rent 41, As shown in Table ýOO(II, slight changes in con-
ducivity readings were recorded for the two specimens exhibiting corrosion
(M-I3 and F-26), However, the magnitude of change involved In these specimens
was considered insignificant, as were the resul's for other non-magnetio alloys

wioh exhibited any type of oorrtsion,

In summary, It may be stated that extnsive investigations of five p•oltbly
useful non-destruoa;ve methods for deteoting Incipient corrosion, or for deo
teimining degradation of properties, revealed that, insofar u the program
coured by this report wu concerned, none would be a reliable indicator of
incipient corrosion or property degradation in purts made from the ten alloys
considered in the program.

PA..l J, ±9



I
C. Summary of Results

The selpifioant resulta of the teuting oonduoted under the environmental test prj-
gra•n are listed belov:

(1) The alloys which exhibited ourrosaon, the typea of oorrosion, and the
temperatures at which corroslon wrn found, are indicated In Table
XXXVIrl.

TABLE XXXVWT

S'IMNARY OF TYPES OF CORROSION FOUND FOR ALLOYS TSFTFD

Material and Joisltalt Corromk2LUA Othr rrZ

Typ II A4ij) jai~k
AM 380 Wild B000 B000or

6001' p :

AM 380 Brass Boo0r 01oo'
PH,-.7Mo Brits, oo*,1(b)

60001

PIl4,-SMo Brass 80OF(b)

Hutalloy X Bras HO000
14001P

Red| 41 Weld 1600?
16001

Ron'. 41 Draws , 60l7 16001' 100F(C)

Udimet 700 Weld leOOF(d)

Udimet 700 Brass 1600F

A 280 Weld 190OO

A IP(• Brame 1100P,
TD Nickel Brass 20001(e)

Notesi (a) Sle lSotion V1 for idmntitfoi•tion of types of salt corroslon
(b) Corrosion Indications were found on both salted and unsalted opocl-

mono in the areas atfoutd by the braining process
(a) Ualvanto corrosion was evident on braiied And salted speoimens
(d) Evidenoe of sulfidAtlon on one speoimen
(s) Salt acooleratd deterioration at brais - parent-nietal interface

PAO# NO
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Type (1) Evidenced by looalizetd discoloration on the fracture surface,
Indicating the existence of a crack during exposure of the
specimen to elevated temperatures.

Type (2) Evidenced by post-exi<osure, room temperature, tensile-
property degradation.

Type (3) Evidenced by unusual crack[ng during post-exposure, room
tempeorature, tensile t4sting.

(3) Four other types of corrosion were observed in test specimens:
j4

1. PH 15-7 Mo and PH 14-8 Mo brazed specimens, both salted and
unsalted, were corroded In rc gions where Green Stop-off had been

L. applied.

2. Galvanic corrosion was found on brazed and r-.ted Rene' 41 apeci-
mens tested at 1600F.

3, Evidence of sulfidatlor0 was found on one Udimet 700 welded spect-
man testod at 1600F.

4, Salt accelerated the deterioratitn of the alloy formed at the braze-
,puezt metal interface of TD nickel specimens tested at 2000F,

(4) The stainless steels (AM 380, AM 855, P11 18-7 Mo and PH 14-8 Mo)
were not susceptible to Type (2) lalt corrosion. The superalloyu, ex-
cept for Greek Asooloy and TD nickel were susceptible to Type (2) salt 4
corrosion.

Only AM 350 and brazed Reno' 41 were susceptible to Type (1) or Type
(3) salt corrosion, I
Rene' 41 over aged at both test tWmperatures, 1600F and 1800F,

Welded TD nickel specimens failed prematurely bocauhe of lack of pone-
tration In the weld,

(5) The ro-n:-1amperature tensile strengths of welded and brazed AM 350,
AM 330, Pli 10-7 Mo, PH 14-8 Mo, and A-286, increased during expo-
sure to elevated temperature, with larger Increases occurrLng at the
higher tcn.peratures. This indicatee that additional aging occurred
during environmentaJ exposure.

PAOR NO 1.30
.. •. o iI

. - .• ' a r '



17ci, ti ju e t is. i mai-eriais iihed beiuw, u-e post-exposure
room-temperature tensiie strengths decreasnd with increasing expo-
L ure temperature.

Dra.zed Hlstolloy X
Welded Rene' 41
Brazed Udimet 700

(7) The strer ;ths uf the following welded and o: azed materials were less
after exposure to the highur temperature for 63 cycles with salt than
were the strengths )f unjulned materials.

Welded AM 355
Welded and brazed PH 15-7 Mo
Brazed Hastelloy X
Brazed Rane' 41
Welded A-286
Brazed A-2b6

(8) No sipgntfcant oorrelation wu found between non-destructive inspection
data and the corrosion observed u a result of post-exposure tensile
testing,

(9) Table XXXIX presents what are considered to be aoceptablt ýesign
limits for the ten alloys when welded and brazed parts enade from them
are to be exposed to a salt atmosphere. These limiti are based on our-
vival of all tost speolmens during environmental ex•osure at the condi-
tL•k i• itlted in the table. L

O
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ACC'P)TA'R,F OFTGN T,TMTTS FOR ALLO)YS COMPT,TTNC,

ENVIRONMENTAL EXPOSURE 1

Stress Level Temperature Cycles

M&tert, and Joint (Ii LL (IF Exposed

AM 350 Weld 117 800 63
132 co0 63

Braze 132 60C 63

AM 386 Weld and Braze 117 800 63
130 800 63

P1115-7Mo Weld 130 800 63
ln0 800 63

Braze 160 800 19

PH14-SMo Weld 148 800 83
180 600 683

Braze 160 600 19

Haatelloy X Weld and Braze 3 1600 63
3.5 1800 19

Rena 41 Weld 4 1800 19
1i 1800 13
17 1600 19

Braze 3 1800 83
4 1800 19

17 1600 19

Udimet 700 Weld 29 1800 19

Braze 5 1900 19
24 1600 63
29 1800 19

A 286 Weld and Braze 30 1200 63

35 1200 19
83 800 63

Greek Aeooloy Weld and Braze 83 800 63
95 600 63

TD Nickel Braze 8 1600 63
9 1600 19 1

"'P'A N 132 1



I
VII

REPAIR BY WELDING AND BRAZING

It had been planned to evaluate welding and brazing as means of ropair of
speQimeni which had been weakened by corrosion resulting from severe environ-
mental conditions, provided that the degradation was not too severe. This as-
sumed the following:

(1) That any degradation of properties would be accompanied by
Type-(1) salt. corrosion or other ovtdonce of corrosion;

(2) That non-destractive inspeotion methods could looat, theme
evidences of corrosion;

(3) That areas of corrosion could be removed and replaced by
weld or braze mnterial; andIII

(4) That the repaired iipecimens could then be tensile tested to
measure their properties.

No repair work we@ possible because no correlation was found between de-
gradution of properties (Typo-(2) corrosion) and any other type of corrosion; no
non-destruotive inspection method was found for positively locating evidence of
incipient corrosion; and, in th. oases where visible corrosion was evident, such
corrosion was too extensive for repair,

-,, • 133/134
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The followin conclusions arc based upon the results of the tenting reported
herein and are limited by the specifications of such testing.

1. Welding decreasom the post.exposure, roorn-temporntura,
toinsile strorghts of PH15 - 7Mo, A 286, ond TD Nickel
(based on unsialted spooinonh tit maximum temporature nod
number of cycles); It does not affect AM 3G0, AM 333, PH14 -

8Mo, and Greek Asooloyl and iti effects on Hastelloy X,
Reonr41, and Udimet 700 are uncertain.

2, Brahing decreases the post-exposure, room-temperature,
tensile strenghts of PHIS - 7Mo, Udimot 700, and TD
Niokel (based on unsalted spAecmon. at maximum temper-
ature and rm•bor of cytiles); it does not effect AM 3•5,
Hastelloy X, nene 41, and A 1861 and Ita affects on AM
350, PH14 - 8MO, and Greek Asooloy are uncertain.

S, Welding results in the susesptibility of AM 350 to Type-(1)
and Type-(S) corrosion at maximum temperature and number
of cyclest It doom not have this affect on the other investigated
materials,

4. Brasing results in the sugeoptLbllity of AM 350 and Reni 41
to Type-(1) and Type-(8 corrosion at maximum temperaturo
and number of cycles; its effect in this respoot on Greek
Amooloy, TD Niokel, PHiB - 7Mo and PHi4 - 8Mo is unoortain;
and it ham no such effect on the other investigated materiaLs.

5, AM 350, Hastolloy X, Rene 41, Udlmot 700, A 286, and TD

Nickel, in the bratod forn), are more muscoptible to salt
corrosion than In tho woldod form,

0, Corrosion of brayod PI110 - 7Mo and PH14 - 8Mo is caused
by the maturials associatod with the brazing pro•caos,

7. Sulfidation of tho Invoetigatod nickol-base alloys is not sig-
nificant under the evaluation oonditions.

8. TD Nickel must h>', coatod for usao at 2000F in air,

,,AO, NO 138



9. Repair of salt corrosion in the alloys which were tested is

10, The non-destructive testing techniques used are not effective
in detecting corrosion of the types which were experienced.

The following recommendations are made for any follow-on work to this program.

1. Measurement of strain which occurs during environmental
exposure.

2. Exploration of lower temperatures and/or stress levels
for materials which failed during environmental exposure,
to establish design limits.

3. Investigation of the individual and combined effects of the
materials associated with the brazing processes.

4. Teuting of TD Nickel in the coated condition.

5. Determination of the temperature limits within which gal.
vanic corrosion will occur in brazed Reni 41 in a salt n-
vironment.

-A01 NO 130
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